
William J. Tranquilli

John C. Thurmon

Kurt A. Grimm

Veterinary 
Anesthesia and 

Analgesia

L u m b  &  J o n e s ’

FourTh ediTion





Lumb & Jones’

Veterinary Anesthesia and Analgesia

Fourth Edition





Lumb & Jones’
Veterinary Anesthesia and Analgesia

Fourth Edition

Edited by

William J. Tranquilli

John C. Thurmon

Kurt A. Grimm



© 2007 Blackwell Publishing
All rights reserved

Blackwell Publishing Professional
2121 State Avenue, Ames, Iowa 50014, USA

Orders: 1-800-862-6657
Office: 1-515-292-0140
Fax: 1-515-292-3348
Web site: www.blackwellprofessional.com

Blackwell Publishing Ltd
9600 Garsington Road, Oxford OX4 2DQ, UK
Tel.: +44 (0)1865 776868

Blackwell Publishing Asia
550 Swanston Street, Carlton, Victoria 3053, Australia
Tel.: +61 (0)3 8359 1011

Authorization to photocopy items for internal or personal use, or
the internal or personal use of specific clients, is granted by
Blackwell Publishing, provided that the base fee is paid directly to
the Copyright Clearance Center, 222 Rosewood Drive, Danvers,
MA 01923. For those organizations that have been granted a
photocopy license by CCC, a separate system of payments has
been arranged. The fee code for users of the Transactional
Reporting Service is ISBN-13: 978-0-7817-5471-2.

First edition, © 1973 Lea & Febiger
Second edition, © 1984 Lea & Febiger
Third edition, © 1996 Williams & Wilkins
Fourth Edition, © 2007 Blackwell Publishing

Library of Congress Cataloging-in-Publication Data

Lumb & Jones’ veterinary anesthesia and analgesia. —4th ed. / 
edited by William J. Tranquilli, John C. Thurmon, and Kurt A.
Grimm.

p. ; cm.
Rev. ed. of: Lumb and Jones’ veterinary anesthesia / edited by

John C. Thurmon, William J. Tranquilli, G. John Benson. 
3rd ed. 1996.

Includes bibliographical references and index.
ISBN-13: 978-0-7817-5471-2 (alk. paper)
ISBN-10: 0-7817-5471-2 (alk. paper)
1. Veterinary anesthesia. 2. Analgesia. I. Tranquilli, William J. 

II. Thurmon, John C. III. Grimm, Kurt A. IV. Veterinary anesthesia.
V. Lumb and Jones’ veterinary anesthesia. VI. Title: Lumb and
Jones’ veterinary anesthesia and analgesia. VII. Title: Veterinary
anesthesia and analgesia.

[DNLM: 1. Anesthesia—veterinary. 2. Analgesia—veterinary.
SF 914 L9567 2007]
SF914.L82 2007
636.089�796—dc22

2006025002

The last digit is the print number: 9 8 7 6 5 4 3 2 1

Disclaimer
The contents of this work are intended to further general
scientific research, understanding, and discussion only and are
not intended and should not be relied upon as recommending 
or promoting a specific method, diagnosis, or treatment by
practitioners for any particular patient. The publisher and the
editor make no representations or warranties with respect to the
accuracy or completeness of the contents of this work and
specifically disclaim all warranties, including without limitation
any implied warranties of fitness for a particular purpose. In
view of ongoing research, equipment modifications, changes in
governmental regulations, and the constant flow of information
relating to the use of medicines, equipment, and devices, the
reader is urged to review and evaluate the information provided
in the package insert or instructions for each medicine,
equipment, or device for, among other things, any changes in
the instructions or indication of usage and for added warnings
and precautions. Readers should consult with a specialist where
appropriate. The fact that an organization or Website is referred
to in this work as a citation and/or a potential source of further
information does not mean that the editor or the publisher
endorses the information the organization or Website may
provide or recommendations it may make. Further, readers
should be aware that Internet Websites listed in this work may
have changed or disappeared between when this work was
written and when it is read. No warranty may be created or
extended by any promotional statements for this work. Neither
the publisher nor the editor shall be liable for any damages
arising herefrom. 



The fourth edition of this text is dedicated to the pioneering indi-
viduals instrumental in developing the specialty of veterinary
anesthesiology and to the practitioners and scientists who con-
tinue to advance veterinary anesthesia and the evolving field of
pain management. Every veterinarian, technician, and staff mem-
ber who daily champions the humaneness of patient care in the
academic, research, or clinical environment is to be appreciated.
We owe much to members of the veterinary profession, as well
as to those in allied medical fields, who have focused their life’s
work on discovering better and safer methods of achieving anes-
thesia and pain alleviation in the animals that we are privileged
to attend and heal.

We dedicate our efforts in bringing this edition to publication
to our parents for imparting the values of hard work, loyalty, and
patience; to our teachers and colleagues for the belief that scien-
tific knowledge gives us the best chance to know what is real; to
our wives for their undying devotion and support of family; and
to our children and students for making everything joyful and
worthwhile.

William J. Tranquilli
John C. Thurmon
Kurt A. Grimm
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Since the initial publication of Veterinary Anesthesia in 1973, the
science and art of anesthesia and pain management have matured
immeasurably. Today, a comprehensive book covering the entire
field is beyond the capabilities of any one individual or area of
study. As such, and as Founding Diplomates of the American
College of Veterinary Anesthesiologists, it has been gratifying to
see numerous authors, more than 65 in all, young and old alike,
from a wide array of backgrounds and clinical specialties make
contributions to this, the fourth edition and newly titled Lumb
and Jones’ Veterinary Anesthesia and Analgesia.

We are indebted to Drs. Tranquilli, Thurmon, and Grimm for
assuming editorship of this challenging endeavor. We believe that
the fourth edition will continue to serve students, academic col-
leagues, and practitioners alike as the world’s most comprehen-
sive source of information regarding the science and art of anes-
thesia and pain control in the numerous species that make up the
animal world.

William V. Lumb
E. Wynn Jones
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The first edition of Veterinary Anesthesia was published in 1973,
followed by the second edition in 1984, and the third edition in
1996. The publishing of this, the fourth edition, in 2007 marks
this text’s thirty-fourth anniversary.

Many changes have occurred in veterinary medicine and anes-
thesia during this time, with each succeeding edition of this text
attempting to update and document these advances. In recent
years, the ever-increasing emphasis on the treatment of animal
pain has placed veterinary anesthesiology and pain management
in a central role in the delivery of humane veterinary care.
Accordingly, several chapters focusing on recent advancements
in animal pain management have been included in this revision
and, most noticeably, are reflected in the new title, Lumb and
Jones’ Veterinary Anesthesia and Analgesia. Where possible, we
have endeavored to conserve as much of the previous editions’
text as possible so as to continue to provide information on older
anesthetic drugs and techniques that might still be employed by
veterinarians in various regions of the world. Nevertheless, given
the volume of space required to discuss much of the new knowl-
edge and contemporary issues pertinent to veterinary anesthesia
and analgesia, retention of much of the previous editions’ text
was simply not possible. Fortunately, this information, much of
which is of historical interest, will forever be available from ear-
lier editions. It should be noted that some chapters’ text has been
retained from previous editions and, as such, the current authors
of these chapters (if not the same) wish to acknowledge the con-
tinued valuable contributions of earlier authors to this edition, as
well. As in previous editions, the fourth edition provides evi-
dence of numerous advances in our scientific and clinical knowl-
edge pertinent to the provision of anesthesia and analgesia in a
multitude of animal species.

This Lumb and Jones’ edition has more than 65 contributing
authors, offering a wide array of scientific training and clinical ex-
perience. As would be expected, many contributors are anesthesi-
ologists, but a number of new authors are specialized in other clin-
ical areas, including clinical pharmacology, surgery, medicine,
critical care, cardiology, neurology, urology, ophthalmology, den-
tistry, radiology, physical rehabilitation, and lab animal medicine.
It is hoped that this increased diversity in authorship expertise will
provide a comprehensive perspective to the management of anes-
thesia and pain in patients suffering from an array of clinical con-
ditions and disease. All of the contributing authors have been en-
couraged to share their personal experiences in an effort to
enhance the clinical utility of the information provided. The edi-
tors are indebted to the authors for the many hours devoted to the
preparation of their individual chapters. Many of these authors
have dedicated their careers to the field of veterinary anesthesiol-
ogy and the humane treatment of animals. In so doing, these indi-

viduals have made numerous and, in some instances, monumen-
tal contributions to the advancement of veterinary medicine.
Included among these individuals are Drs. W. Lumb, E. W. Jones,
C. E. Short, W. W. Muir, W. N. McDonell, E. P. Steffey, R. T.
Skarda, S. M. Hartsfield, S. C. Haskins, and P. A. Flecknell. Most
recently, this dedication was best exemplified by Dr. Roman
Skarda’s insistence on his continued contribution to the fourth
edition while battling debilitating and painful disease before his
eventual passing. These individuals cannot help but provide inspi-
ration to all who have contributed their time and expertise to the
completion of this book and to all who benefit from its reading.

Similar to previous editions, this revision can be viewed both
as a textbook and as a comprehensive source of scientific knowl-
edge relevant to the clinical management of anesthesia and pro-
vision of analgesic therapy. Individuals requiring information on
the immobilization and anesthesia of wild, zoo, and laboratory
animals also will find chapters devoted to these unique circum-
stances. In addition to chapters on cardiovascular, respiratory,
nervous system, and acid-base physiology, the pharmacology of
various classes of drugs employed in the delivery of anesthesia
and analgesia has been reviewed and updated. Chapters on anes-
thetic equipment, monitoring, mechanical ventilation, and re-
gional analgesic techniques are provided. Chapters covering
acupuncture, physical rehabilitation, and palliative analgesia of
companion animals have been added. Chapters continue to be de-
voted to the anesthesia of specific species and classes of animals
including dogs, cats, horses, swine, ruminants, lab animals, zoo
animals, free ranging terrestrial and aquatic mammals, birds, rep-
tiles, amphibians, and fish. Several chapters discussing the
unique anesthesia and pain management requirements of com-
panion animals with specific diseases have again been included,
as have chapters on specific surgical patients and procedures.
New chapters on dental, cancer, orthopedic, and equine colic pa-
tients have been included in this edition. As in the third edition,
chapters have been organized into sections to aid readers in locat-
ing specific information rapidly.

In closing, the editors extend their thanks to all of the anesthe-
siology faculty and staff at the University of Illinois for their hard
work and understanding. Without their support, time would not
have been available for the editorial assignments required by
such a task.

The editors are also deeply indebted to and thank Erin Gardner
and the staff at Blackwell Publishing for their untiring support
and encouragement.

William J. Tranquilli
John C. Thurmon
Kurt A. Grimm
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Introduction
History of Animal Anesthesia
Organized Veterinary Anesthesia in North America
Definitions
Reasons for Administering Anesthesia
Types of Anesthesia

Introduction
The earliest recorded attempts to induce anesthesia appeared to
have been performed in humans. Drugs and techniques used in-
cluded opiates, alcohol, and asphyxiation by compression of the
carotid arteries to induce unconsciousness, thus alleviating the
pain of surgery. In 1540, Paracelsus produced ether and reported
it to have a soporific effect in birds. Despite this discovery, no
further progress was made until chemistry was developed and
carbon dioxide and several other gases, including oxygen, were
discovered.

History of Animal Anesthesia
In 1800, Sir Humphrey Davy suggested that nitrous oxide might
have anesthetic properties. Approximately 20 years later, H. H.
Hickman (1824) demonstrated that pain associated with surgery
in dogs could be alleviated by inhalation of a mixture of nitrous
oxide and carbon dioxide. He reasoned that the latter increased
the rate and depth of breathing, thus enhancing the effects of ni-
trous oxide. More recent studies have shown that unconscious-
ness can be induced in 30 to 40 s in piglets breathing carbon
dioxide (50%) alone in oxygen (50%).1

It was not until 1842 that ether was used for human anesthe-
sia. Two years later, a dentist, Horace Wells (1844), discovered
the anesthetic properties of nitrous oxide. Although this finding
was neglected for several years, nitrous oxide was reintroduced
in humans in 1862. C. T. Jackson, a Boston physician, was the
first to employ ether extensively in animals.2

Chloroform was discovered by Liebig in 1831, but it was not
until 1847 that it was first used to induce anesthesia in animals
by Flourens and in people by J. Y. Simpson of Edinburgh, Scot-
land. With the introduction of chloroform, reports began to ap-
pear in the veterinary literature of its use in animals. Dadd rou-
tinely used general anesthesia in animals and was the first in the
United States to advocate humane treatment of animals and the
application of scientific principles (i.e., anesthesia) in veterinary
surgery.3

In 1875, Ore published the first monograph on intravenous
anesthesia using chloral hydrate; 3 years later, Humbert de-
scribed its use in horses. Pirogoff was the first to attempt rectal
anesthesia with chloral hydrate in 1847. The rectal administra-
tion of chloral hydrate was used later in veterinary practice.
Intraperitoneal injection was first used in 1892 in France. Thus,
the various routes of administration of general anesthetics to an-
imals were established by the end of the 19th century.

After the initial isolation of cocaine by Albert Niemann of
Germany in 1860, Anrep, in 1878, suggested the possibility of
using cocaine as a local anesthetic. In 1884, Kohler used cocaine
for local anesthesia of the eye, and Halsted described cocaine
nerve-block anesthesia a year later. Its use was popularized by Sir
Frederick Hobday, an English veterinarian. Thereafter, G. L.
Corning was credited for inducing cocaine spinal anesthesia in
dogs in 1885. From his description, however, it would appear that
he induced epidural anesthesia. In 1898, August Bier of Germany
induced true spinal anesthesia in animals and then in himself and
an assistant.4

While local infiltration was popularized by Reclus (1890) and
Schleich (1892), conduction anesthesia was first introduced by
Halsted and Hall in New York in 1884. These techniques in-
creased in popularity with the discovery of local anesthetics less
toxic than cocaine. These developments enabled Cuille and
Sendrail (1901) of France to induce subarachnoid anesthesia in
horses, cattle, and dogs. Cathelin (1901) reported epidural anes-
thesia in dogs, but it remained for Retzgen, Benesch, and Brook
to apply this technique in large animal species in the 1920s.
Although paralumbar anesthesia was employed in humans by
Sellheim in 1909, it was not until the 1940s that Farquharson and
Formston applied this technique in cattle. Despite these promis-
ing developments with local analgesic techniques in the latter
half of the 19th century, and perhaps owing to unfavorable re-
sults, general anesthesia was not readily adopted by the veteri-
nary profession until well into the 20th century. It is sad to say,
but a “heavy hand,” without analgesia/anesthesia, was the stock
in trade of many practicing veterinarians.

In small domestic animals, ether and chloroform were com-
monly administered in the early part of the 20th century. How-
ever, general anesthesia became more widely accepted after dis-
covery of the barbiturates in the late 1920s and, in particular,
with the development of pentobarbital in 1930. Barbiturate anes-
thesia received an additional boost with the introduction of the
thiobarbiturates and particularly with thiopental in 1934. Be-
cause of rough, prolonged recovery, the acceptance of general
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anesthesia in large animals was delayed until phenothiazine de-
rivatives were introduced by Charpentier in France in 1950.

General anesthesia of large farm animals was further advanced
by the discovery of fluorinated hydrocarbons and the develop-
ment of large animal anesthetic equipment for their safe admin-
istration. Discovery of newer drugs (e.g., tranquilizers, opioids,
�2-adrenergic agonists, dissociatives, muscle relaxants, and in-
halant anesthetics) has further advanced the utility of veterinary
anesthesia in large and small animal species.5

Organized Veterinary Anesthesia in
North America
During the late 1960s and early 1970s, a small group of physi-
cian anesthesiologists made it possible for a number of future
diplomates of the American College of Veterinary Anesthesiol-
ogists (ACVA) to participate in their programs and to learn about
the development of new anesthetic drugs and techniques. Among
these physicians were Robert Dripps, University of Pennsyl-
vania; Arthur Keats, Baylor University; Mort Shulman and Max
Sadolv, University of Illinois; and Edmond I. Eger, University of
California Medical College. During this same period, E. W. Jones
(Oklahoma State University) and William Lumb (Colorado State
University) were making significant contributions to the field of
veterinary anesthesiology while at their respective institutions.
Jerry Gillespie was also making a unique contribution through
his work on respiratory function of anesthetized horses.

Even though there were a number of interested faculty within
veterinary colleges and research laboratories, not until 1970 was
a major thrust directed at organizing veterinarians. Initially, a so-
ciety of veterinary anesthesia was perceived. Later this society
became the American Society of Veterinary Anesthesia (ASVA).
Membership in the ASVA was open to all individuals working in
the veterinary profession who had an interest in veterinary anes-
thesiology. In 1970, the first organizational meeting was held in
conjunction with the American Veterinary Medical Association
(AVMA) to coordinate the efforts/interest of all those wishing to
organize and develop the specialty of veterinary anesthesiology.
Their primary goal was to improve anesthetic techniques and to
disseminate knowledge whenever and wherever possible.
Charles Short was elected the first president of the new society.
The ASVA was designed expressly to promote dissemination of
information on veterinary anesthesia irrespective of individual
training or background. Of major interest was the selection of in-
dividuals to speak at the ASVA and other scientific and educa-
tional meetings (e.g., the AVMA, the American Animal Hospital
Association [AAHA], and the American Association of Equine
Practitioners [AAEP]). As the ASVA developed, publication of
articles on anesthesiology seemed in order. Bruce Heath accepted
editorial responsibilities of articles submitted for the ASVA jour-
nal. In 1971, John Thurmon chaired the Ad Hoc Committee to es-
tablish the American College of Veterinary Anesthesiologists.
The AVMA had established guidelines for the selection of found-
ing-charter diplomates of specialty organizations. The Ad Hoc
Committee requirements for charter diplomate status included 10
years of active service in the specialty, significant publications,

intensive training, and being the head of an anesthesiology pro-
gram or spending a major portion of one’s professional time in
anesthesia or a closely related subject area. Seven members of
the ASVA were found to meet these qualifications. This group
would later become the founding diplomates of the ACVA.

Between 1970 and 1975, the constitution and bylaws were
drafted and formalized. In 1975, the AVMA Council on Educa-
tion recommended preliminary approval of the ACVA. This was
confirmed by the AVMA House of Delegates in that same year.
Thus, the ACVA was officially established in North America. Of
importance throughout this process were the insight and efforts
of Drs. Lumb and Jones, after which this text is named. They
greatly assisted in the establishment of the ACVA because of
their sincere interest in the sound principles of veterinary anes-
thesiology. During this period, several didactic texts were pub-
lished on animal anesthesiology that helped to establish anesthe-
sia as a stand-alone discipline and specialty within veterinary
medicine. The first edition of this text, Lumb and Jones’ Veteri-
nary Anesthesia, was published in 1973; Clinical Veterinary
Anesthesia, edited by Charles Short, was published in 1974; and
Textbook of Veterinary Anesthesia, edited by Larry Soma, was
published in 1971.

During the late 1970s, many of the founding diplomates began
to establish residency training programs in their respective vet-
erinary colleges. From 1975 to 1980, the ACVA developed con-
tinuing education programs, programs in self-improvement, and
programs for testing and certification of new diplomates. Along
with residency training programs, new faculty positions were
created for training veterinary anesthesiologists in a number of
colleges of veterinary medicine across North America. In 1980,
the ACVA sought and was granted full accreditation by the
AVMA, an effort headed by Eugene Steffey, then president of the
ACVA.

During the past 3 decades, a number of other organizations
around the world have promoted and contributed greatly to the
standing of veterinary anesthesia. They include the Association
of Veterinary Anaesthetists of Great Britain and Ireland (AVA), as
well as the Veterinary Anesthesia and Surgery Association in
Japan. These associations were instrumental in organizing the
first International Congress of Veterinary Anesthesiology with its
stated objective of globally advancing the field of veterinary
anesthesiology. The first International Congress of Veterinary
Anesthesiology was held in Cambridge, England, in 1982, fol-
lowed by congresses in Sacramento, California, in 1985; in Bris-
bane, Australia, in 1988; in Utrecht, the Netherlands, in 1991; in
Guelph, Canada, in 1994; in Thessaloniki, Greece, in 1997; in
Bern, Switzerland, in 2000; in Knoxville, Tennessee, in 2003;
and in Santos, Brazil, in 2006.

Concurrently, organized veterinary anesthesiology was being
advanced in Europe. Veterinary anesthesiologists in the United
Kingdom established the Association of Veterinary Anaesthetists
and awarded the Diploma of Veterinary Anaesthesia to those with
specialty training. Later, interests in board specialization became
evident in the United Kingdom and many European countries, re-
sulting in the establishment of the European College of Vete-
rinary Anesthesiologists (ECVA). Currently, a number of veteri-
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nary anesthesiologists are boarded by both the ACVA and the
ECVA. For further information concerning the early history of
anesthesia, the reader is referred to a number of sources.6–9

The establishment of the ACVA and the ECVA in recent
decades has advanced veterinary anesthesia on a worldwide stage
primarily through the increased availability of scientific meetings
and literature. Both the ACVA and the ECVA have, as their offi-
cial scientific publication, the Journal of Veterinary Anaesthesia
and Analgesia.

Definitions
The term anesthesia, derived from the Greek term anaisthaesia,
meaning “insensibility,” is used to describe the loss of sensation
to the entire or any part of the body. Anesthesia is induced by
drugs that depress the activity of nervous tissue locally, region-
ally, or within the central nervous system (CNS). From a pharma-
cological viewpoint, there has been a significant redefining of the
term general anesthesia.10 Both central nervous stimulants and
depressants can be useful general anesthetics.11 Several terms are
used in describing the effects of anesthetic drugs:

01. Analgesia refers to freedom from or absence of pain.
02. Tranquilization results in behavioral change wherein anxi-

ety is relieved and the patient becomes relaxed but remains
aware of its surroundings. In this state, it may appear to be
indifferent to minor pain.

03. Sedation is a state characterized by central depression ac-
companied by drowsiness. The patient is generally unaware
of its surroundings but responsive to painful manipulation.

04. Narcosis is a drug-induced state of deep sleep from which
the patient cannot be easily aroused. Narcosis may or may
not be accompanied by analgesia.

05. Hypnosis is a condition of artificially induced sleep, or a
trance resembling sleep, resulting from moderate depres-
sion of the CNS from which the patient is readily aroused.

06. Local analgesia (anesthesia) is a loss of sensation in cir-
cumscribed body area.

07. Regional analgesia (anesthesia) is insensibility in a larger,
though limited, body area (e.g., paralumbar nerve blockade).

08. General anesthesia is drug-induced unconsciousness that is
characterized by controlled but reversible depression of the
CNS and analgesia. In this state, the patient is not arousable
by noxious stimulation. Sensory, motor, and autonomic re-
flex functions are attenuated.

09. Surgical anesthesia is the state/plane of general anesthesia
that provides unconsciousness, muscular relaxation, and
analgesia sufficient for painless surgery.

10. Balanced anesthesia is induced by multiple drugs. Drugs
are targeted to specifically attenuate individual components
of the anesthetic state; that is, consciousness, analgesia,
muscle relaxation, and alteration of autonomic reflexes.

11. Dissociative anesthesia is induced by drugs (e.g., ketamine)
that dissociate the thalamocortic and limbic systems. This
form of anesthesia is characterized by a cataleptoid state in
which the eyes remain open and swallowing reflexes remain

intact. Skeletal muscle hypertonus persists unless a strong
sedative, peripheral or central muscle relaxant, or other con-
current medications are administered.

Reasons for Administering Anesthesia
First and foremost, anesthetics alleviate pain and induce muscle
relaxation, essential for safe surgery.12 Other important uses in-
clude restraint, safe transportation of wild and exotic animals,
various diagnostic and therapeutic procedures, euthanasia, and
the humane slaughter of food animals.

Types of Anesthesia
The diverse uses for anesthesia (as it relates to immobilization,
muscle relaxation, and analgesia) and the requirements peculiar
to species, age, and disease state necessitate the use of a variety
of drugs, drug combinations, and methods. Anesthesia is often
classified according to the type of drug and/or method/route of
drug administration:

01. Inhalation: Anesthetic gases or vapors are inhaled in com-
bination with oxygen.

02. Injectable: Anesthetic solutions are injected intravenously,
intramuscularly, and subcutaneously. Other injectable
routes include intrathoracic and intraperitoneal. These latter
two routes are not generally recommended.

03. Oral or rectal: These routes are ordinarily used for liquid
anesthetics or suppositories.

04. Local and conduction: Anesthetic drug is applied topically,
injected locally into or around the surgical site (field block),
or injected around a large nerve trunk supplying a specific
region (conduction or regional nerve block). In the latter
instance, the injection may be perineural (nerve block) 
or into the epidural or subarachnoid space (true spinal an-
algesia).

05. Electronarcosis, electroanesthesia, or electrosleep: Electri-
cal currents are passed through the cerebrum to induce deep
narcosis. Even though there have been successful studies,
this form of anesthesia has never gained popularity and is
rarely used in veterinary practice. Electronarcosis should
not be confused with the inhumane practice of electroim-
mobilization.

06. Transcutaneous electrical nerve stimulation (TENS, TNS,
or TES): Local analgesia is induced by low-intensity, high-
frequency electric stimulation of the skin through surface
electrodes.

07. Hypnosis: A non–drug-induced trancelike state sometimes
employed in rabbits and birds.

08. Acupuncture: An ancient Chinese system of therapy using
long, fine needles to induce analgesia.

09. Hypothermia: Body temperature is decreased, either locally
or generally, to supplement insensitivity and decrease anes-
thetic drug requirement and reduce metabolic needs. It is
primarily used in neonates or in patients undergoing cardio-
vascular surgery.
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Pharmacology
Anesthesia is, of necessity, a reversible process. Knowledge of
the factors underlying production of anesthesia, and those that
may modify it, is essential to the success of the procedure. The
dose of anesthetic and the techniques for its administration are
based on the average normal healthy animal. Because of the
many phenomena that modify the effect of an anesthetic, it is un-
likely that any given animal will be exactly average.

Marked variations in response to a standard dose of anesthetic
result from the interplay of many factors, especially those related
to the central nervous system (CNS) status (excited or depressed)
and metabolic activity of the animal, existing disease or pathol-
ogy, and the uptake and distribution of the anesthetic.

Biological Variation
Since elimination of anesthetics depends on the species and the
metabolic processes within the animal, conditions affecting the
metabolic rate exert a marked influence on anesthetic effect.
Small animals have a higher basal metabolic rate per unit of sur-
face area than large animals; therefore, in general, the smaller the

animal, the larger is the dose per unit of body weight necessary
for anesthesia. Animals with large quantities of fat, which is a
relatively inactive nonmetabolizing tissue, have a lower basal
metabolic rate per unit of body weight and usually require less
anesthetic than lean muscular animals in good condition.1

Animals in poorer condition may also require less anesthetic.
Dogs kept on a low food intake causing weight losses of 10% to
20% showed a marked increase in duration of anesthesia after a
single anesthetic injection.2 In newborns, the basal metabolic rate
is low. It gradually increases to its highest point at puberty
through early adulthood and then gradually declines. Response to
barbiturates varies in dogs of differing ages.2 Very young animals
and older adult animals are most sensitive, whereas dogs in the
age range of 3 to 12 months are least sensitive. These age varia-
tions are also related to changes in liver enzyme activity.3

Changes in metabolism with age are not as clear-cut as originally
thought. This probably reflects that neither gross weight nor sur-
face area are reliable measures of the active tissue mass of the
body. In humans, at least, data on fat-free body weight indicate
little change between young and aged adults.4 The basal meta-
bolic rate of males is approximately 7% higher than that of fe-
males. In females, a rise occurs during pregnancy, owing to the
metabolic activity of the fetuses. Conflicting evidence regarding
sex differences in susceptibility to anesthetics has been reported.5

For example, pregnant rats were most susceptible, nonpregnant
females less, and male rats least susceptible to anesthetic effect.
In contrast, Kennedy6 could find no sex variance in the response
of mice to barbiturate anesthesia. Female rats have been shown
to be more sensitive to muscle relaxants than males of a similar
age.7 Apparently, hormones may cause minor differences in an
individual’s response to an anesthetic.

Pharmacogenetic Differences
Variation in the dose response to drugs because of genetic-related
factors can be found in the literature. As examples, the heritable
difference in the ability of rabbits to hydrolyze atropine and
cocaine,8 genetic variations in response to pentobarbital in 
mice,7 and strain sensitivity to nitrous oxide and to non-oxygen-
dependent reductive biotransformation of halothane in rats have
all been reported.7,9 In a few people, plasma cholinesterase has
been found to be completely absent or replaced by an inactive
variant with resultant prolonged action of succinylcholine.10

Some breeds of swine are susceptible to malignant hyperther-
mia.11 Metabolic rate increases with activity; hence, active ani-
mals require relatively larger doses of anesthetic agents. Mice
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have been shown to be most sensitive to pentobarbital in the early
morning. A seasonal response to morphine has been recorded in
rabbits, and circadian rhythms have been shown to modify mini-
mum alveolar concentrations for halothane and other inhalant
anesthetics by 5% to 10% in rats.7

Pharmacokinetics
General anesthesia is produced by the action of an anesthetic on
the brain and spinal cord. The agent must therefore achieve ac-
cess to the central nervous tissue. Although Van Dyke and
Chenoweth12 demonstrated that significant quantities of some in-
halation anesthetics are metabolized within the body, for practi-
cal purposes they are primarily exhaled. Small amounts are elim-
inated in feces and urine or diffused through the skin and mucous
membranes. Thus, providing respiration and circulation are
maintained, inhalants are readily eliminated from the body. In
contrast, injectable agents depend on redistribution within the
body, biotransformation, principally in the liver, and excretion
via the kidneys. With injectable anesthetics, there is less control
over the elimination process; for this reason, some consider them
to be more dangerous than inhalant anesthetics.

Anesthetics are commonly administered by intravenous injec-
tion and occasionally by intramuscular, intrathoracic, intraperi-
toneal, subcutaneous, and even oral or rectal routes. Intravenous
administration bypasses the absorption phase of the drug with the
consequences that onset and intensity of action are less variable,
titration of dose according to response is facilitated, and the risk
of toxicity lessens quickly with the progressive decline of drug
concentration in the plasma.13

The body may be considered to have multiple compartments
(Table 2.1), which are differentiated by blood supply and tissue-
blood partition coefficients. After initial intravenous injection,
mixing and dilution rapidly occur, and an initial blood concentra-
tion of the drug is established. Blood thus becomes the medium
by which the drug is delivered to and removed from its site of ac-
tion. Factors affecting drug concentration and/or availability in
the plasma also affect its concentration and availability at the site
of action. Binding of drugs to plasma protein, in which form they
cannot readily penetrate cellular membranes, and the removal of
drugs by tissues that store, metabolize, and excrete them are both
important factors that lower the effective concentration of drugs
at their site of action.13,14 Binding is a reversible fusion of small
molecules, such as barbiturates, with protein or other macromol-
ecules, thereby limiting penetration of cellular membranes by
molecular size, ionization, and limited lipid solubility. Protein
binding varies with the properties of the drug, its concentration,
and plasma pH and protein concentration. The fraction of bound
drug increases with decreasing drug concentration and vice
versa, and is modified by the presence of other drugs that com-
pete for available binding sites. The rate of clearance of drug
from the blood, the drug’s distribution to the tissues, and avail-
ability of drug to produce its desired effects thus may all be mod-
ified by the drug concentration, plasma pH and protein, state of
body hydration, and minimally by the presence of other drugs.14

After initial dilution within the vascular system, the drug is
distributed to the various tissue compartments according to their

perfusion, their capacity for the drug (volume of tissue � tissue-
blood partition coefficient), and the partial pressure gradient of
drug between blood and tissue. The vessel-rich group of tissues
achieves equilibrium with the blood more quickly than do other
tissue groups (Table 2.2).14 Although fat and muscle groups have
similar tissue blood flows per unit of tissue, the higher solubility
of most anesthetics (e.g., thiobarbiturates) in fat than in muscle
accounts for the greater time required to achieve equilibrium for
fat than for muscle. Changes in tissue blood flow, solubility, and
blood-tissue partial pressure gradients thus influence uptake and
distribution of intravenous anesthetics. Since the plasma concen-
tration of an intravenous anesthetic falls rapidly (Fig. 2.1),15 and
its partial pressure is quickly exceeded by that in the vessel-rich
tissues, anesthetic reenters the blood from these tissues to be re-
distributed to tissues that have greater time constants. This redis-
tribution reduces anesthetic concentration in the brain, anesthesia
lightens, and anesthetic accumulates in muscle, fat, and vessel-
poor tissues.

The ultimate effect of any general anesthetic is contingent
upon its ability to cross the blood-brain barrier. This barrier, like
the placenta, has permeability characteristics of cellular mem-
branes and therefore limits the penetration of nonlipophilic, ion-
ized, or protein-bound drugs. Penetration of these barriers is, in
fact, so slow that little or no drug of the aforementioned types en-
ters the brain or fetus after a single intravenous bolus dose. The
barriers are not, however, absolute, and slow penetration does
occur, becoming significant when the level of drug is maintained
over a prolonged period.13 The high lipid solubility of thiopental
relative to pentobarbital accounts for the more rapid onset of, and
recovery from, anesthesia induced by the former.16

Within moments of tissue uptake and redistribution, elimina-
tion of the drug begins. The circulation distributes drug to vessel-
rich organs able to biotransform and/or excrete it. The liver is the
primary site of biotransformation, whereas the kidney is prima-
rily responsible for excretion. Other organs may occasionally be
involved, such as in the elimination of morphine via the gastroin-
testinal tract.13 Biotransformation increases the rate of disappear-
ance of the drug from active sites and converts most hypnotics
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Table 2.1. Body compartments based on tissue perfusion.

% Cardiac 
Group Region Mass (kg) Output

Vessel rich Brain 1.4 14
Liver (splanchnic) 2.6 28
Heart 0.3 5
Kidney 0.3 23

Intermediate Muscle 31.0 16
Skin 3.6 8

Fat Adipose tissue 12.5 6
Vessel poor Residual tissue 11.3 —

Total 63.0 100

From Bard.73 Data on adipose tissue and residual tissue have been added.



and anesthetics from lipophilic nonpolar compounds to polar
water-soluble derivatives capable of excretion by the kidneys.
Without such conversion, elimination of lipophilic nonvolatile
drugs is markedly prolonged owing to reabsorption, after
glomerular filtration, into the systemic circulation via the tubular
epithelium. Although the metabolites produced by biotransfor-
mation are usually less active, in the case of prodrugs (e.g., chlo-

ral hydrate) toxic compounds may be produced.17 The biotrans-
formation rate is determined by the drug concentration at the site
of metabolism (e.g., plasma concentration and hepatic blood
flow) and by the intrinsic rate of the process. The latter is deter-
mined by such factors as enzymatic activity and cofactor avail-
ability (e.g., genetics, presence of other drugs, nutrition, or hy-
poxia).13 Most drug metabolism follows first-order kinetics (a
constant fraction is metabolized in a given period). In the event
that the concentration exceeds the capacity of the biotransforma-
tion process (saturation), elimination assumes zero-order kinet-
ics, where a constant amount of drug is eliminated,13 and the
pharmacological effect is disproportionately prolonged with in-
creasing or multiple doses.16 Species variations in biotransfor-
mation may also be encountered; for example, the duration and
effects of lidocaine in humans, dogs, guinea pigs, and rats differ,
and the glucuronide conjugation of drugs, such as morphine, sal-
icylic acid, and propofol, in cats markedly differs from dogs.

Excretion subsequent to or independent of biotransformation is
primarily a function of the kidney. Renal excretion is the princi-
pal process by which predominantly ionized drugs or those of
limited lipid solubility are eliminated.16 The excretion rate is de-
termined by renal blood flow, glomerular filtration, and tubular
secretion and reabsorption. Filtered drug passes through the
glomerulus. Other drugs and metabolites may require the active
transport processes of tubular secretion, which are sensitive to
transport inhibitors and hypoxia. Reabsorption is efficient for
those drugs (e.g., nonpolar lipophilics) able to penetrate cellular
membranes and is modified by pH (drug ionization) and the rate
of tubular urine flow.13 Intravenous agents used to produce or fa-
cilitate anesthesia, such as barbiturates, narcotics, tranquilizers,
and nondepolarizing relaxants, are excreted primarily by the kid-
neys.15,18 Although inhalant anesthetics are primarily eliminated
by exhalation, their metabolites are excreted largely by the kidney.

Factors Modifying Pharmacokinetics
It is thus apparent that many factors of common occurrence, such
as rate of administration and concentration of anesthetic, physi-
cal status, muscular development, adiposity, respiratory and cir-
culatory status, drug permeability coefficients, prior and/or con-
current drug administration, fear, recent feeding, and solubility
of inhalant anesthetics in bags and hoses may all modify the up-
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Table 2.2. Factors influencing rate of tissue equilibration of a drug such as thiopental.

Thiopental
Blood Tissue Tissue-Blood Time

Tissue Flow (L/min) Volume (L) Partition Coefficient Capacitya Constant (min)b

Vessel-rich group 4.5 6 1.5 9 2
Muscle group 1.1 33 1.5 50 45
Fat group 0.32 14.5 11.0 160 500
Vessel-poor group 0.075 12.5 1.5 19 250

aTissue volume � tissue-blood partition coefficient.
bCapacity/blood flow.
From Saidman.14

Fig. 2.1. Following an intravenous bolus, the percentage of thiopen-
tal remaining in blood rapidly decreases as the drug moves from the
blood to the body tissues. Time to attainment of peak tissue levels is
a direct function of tissue capacity for barbiturate relative to blood
flow. Thus, a larger capacity or smaller blood flow is related to a
longer time to reach a peak tissue level. Initially, most thiopental is
taken up by the vessel-rich group (VRG) because of its high blood
flow. Subsequently, the drug is redistributed to muscle and, to a
lesser extent, to fat. Throughout this period, small but substantial
amounts of thiopental are removed by the liver and metabolized.
Unlike removal by the tissues, this removal is cumulative. Note that
the rate of metabolism equals the early rate of removal by fat. The
sum of this early removal by fat and metabolism is the same as the
removal by muscle. From Eger.15



take, distribution, and elimination of anesthetics. Concentration
and rate of injection of a given dose affect anesthetic action, par-
ticularly with rapid-acting anesthetics. The more dilute the drug
or slower the injection, the less is the effect produced.

Modification of cardiac output, ventilation, ventilation-
perfusion ratios, and/or alveolar-capillary diffusion from any
cause will influence both the uptake and elimination of inhalant
drugs, most especially those of greater solubility. Some common
examples causing these modifications include diaphragmatic
hernia, pulmonary edema, pulmonary emphysema or atelectasis,
and recumbency in large animals.

Permeation of the blood-brain barrier by narcotics and narco-
tic antagonists is contingent on partition coefficients, ionization,
and protein binding, and is therefore influenced by hypocarbia
and hypercarbia. For example, during hypocarbia (alkalemia),
higher serum morphine concentrations, higher drug distribution
in the lipid phase, and increased ratio of free base-acid salt of
morphine facilitate penetration of morphine into the canine brain,
despite decreased cerebral blood flow.19

Variation in distribution of blood to the vessel-rich and vessel-
poor tissues, to fat, to muscle, and to the alveoli themselves will
modify the pattern of induction and recovery. In shock, the pro-
portion of the cardiac output flowing to the brain is increased,
and the potential for redistribution is reduced. Owing to reduced
blood volume, dilution of the drug is also diminished, as is he-
patic and renal blood flow. The reduction in blood volume dimin-
ishes both biotransformation and renal excretion. Induction is
thus rapid, the dose required is reduced, and recovery is delayed.
Even removal of 2% of the body weight in blood tremendously
prolongs dogs’ recovery time from thiopental anesthesia.2 It may
thus be concluded that significant hemorrhage, such as might
accompany a surgical bleed, will significantly increase sleeping
time.

When fear, struggling, or fever occur, increases in cardiac out-
put and decreases in circulation time prolong the time necessary
for equilibration of inhalant anesthetic concentration between
alveoli and pulmonary capillaries. Muscle and skin blood flow is
increased, induction of inhalant anesthesia is delayed, and more
anesthetic is required. It is well known that animals showing a
period of excitement during induction of inhalant anesthesia al-
ways require more anesthetic. This causes a tendency toward
overdosing, with its attendant dangers. For this reason, preanes-
thetic sedation is often advantageous.

Hounds such as the whippet, greyhound, Afghan, borzoi, wolf-
hound, and saluki have a low fat-to-body mass ratio, a low muscle-
to-body mass ratio, and consequent increased blood levels of un-
bound drug when anesthetized with a barbiturate. Anesthesia with
a barbiturate alone is thus characterized by increased sleep times,
rougher recoveries, and occasional fatalities. Thin-type muscled or
emaciated patients may have similar characteristics.20

According to Dukes,21 a large meal of meat may increase the
metabolic rate of dogs as much as 90% above the basal level
(specific dynamic effect). Carbohydrate and fat also produce this
elevation, though to a lesser extent. It is usually 12 to 18 h after
the last meal before the basal metabolic rate is attained in carniv-
orous animals. In contrast, birds are more susceptible to starva-

tion. A 6-h preanesthetic fast may induce hypoglycemia and
marked sensitivity to depressant drugs in small birds.22 Certainly
it is important to consider that starvation induces low plasma glu-
cose, mobilizes liver glycogen stores, and reduces circulating
fatty acids, all of which may alter drug detoxification rates.7 In
addition to altering the metabolic rate, feeding increases chy-
lomicrons in the blood. It has been shown that thiobarbiturates
localize in these, which shortens the anesthesia time.23 Feeding
also increases blood flow to the abdominal viscera and influences
overall anesthetic distribution.

With the exception of the gastrointestinal tract, nitrogen is the
major gas constituent of closed internal body spaces. Owing to
the high blood-gas partition coefficient of nitrous oxide relative
to nitrogen and the gases of the intestinal tract, administration of
nitrous oxide transfers this gas to internal gas spaces of the body.
The volume or pressure of the gases within these spaces may thus
increase. Volume increases in highly compliant spaces (e.g., in-
testinal, peritoneal, and thoracic) and pressure changes in non-
compliant spaces (e.g., sinuses and middle ear).15 In the intes-
tinal loops of dogs anesthetized with halothane-oxygen and 75%
nitrous oxide, the intestinal gas volume was shown to increase
1.8 times in 2 h and 2.5 times in 4 h, respectively. In experimen-
tal pneumothorax in dogs, the increase was more rapid: A 200-
mL pneumothorax was doubled in 10 min, tripled in 45 min, and
quadrupled in 2 h. In pneumoencephalograms in dogs, the in-
halation of 75% nitrous oxide increased cisternal pressure by 60
torr in 10 min.15 Consequently, the use of nitrous oxide is con-
traindicated in patients with pneumothorax, in those undergoing
pneumoencephalograms, and in patients with intestinal obstruc-
tions requiring prolonged anesthesia.

Most noninhaled drugs are weak acids (barbiturates) or weak
bases (narcotics, narcotic antagonists, and muscle relaxants).
Once the drug is injected, equilibrium between ionized and non-
ionized forms of drug depends on the pH of the blood or tissues
and the dissociation constant (pKa) of the drug. A difference in
pH between tissue and blood may thus cause a drug concen-
tration difference. Plasma acidosis, for instance, increases intra-
cellular barbiturate but decreases intracellular narcotic concen-
tration.14

Drug availability at the site of action or of elimination is also
modified by the degree of protein binding. Protein binding is di-
minished by uremia, hypoproteinemia, and minimally by admin-
istration of drugs competing for the binding sites. It may also be
impaired by a change in pH or in the nature of the protein sec-
ondary to disease, or by dehydration. Decreased binding may
make more drug available for specific action, with consequent in-
creased sensitivity to a normal dose.14

Preanesthetic administration of opioid analgesics generally
lowers the metabolic rate, whereas atropine administration causes
a slight rise. When they are administered in combination, how-
ever, the metabolic rate is usually decreased. Generally speaking,
tranquilizers can be expected to lower the metabolic rate.

It has been known for decades that administration of various
drugs and pesticides can either stimulate or inhibit hepatic micro-
somal drug-metabolizing enzymes (enzyme induction and en-
zyme inhibition). More than 200 drugs are recognized as enzyme
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inducers (Table 2.3). Enzyme levels are maximally enhanced
after approximately 5 days of administration of the inducing
agent.24 The nature of the induction varies with the type of drug,
its dose, and the patient’s age, thyroid function, and genetics, to
name a few factors.16,24 Enzyme induction with accelerated bio-
transformation reduces the pharmacological activity of drugs
normally eliminated by biotransformation, such as certain barbi-
turates, tranquilizers, hypnotics, and anti-inflammatory drugs.
Because inhalation anesthetics undergo minimal biotransforma-
tion, their elimination is influenced by enzyme induction less.
Although this occurrence has little or no effect on the conduct of
clinical anesthesia, it is of significance relative to viscerotoxicity.
Inhalant anesthetics are variably metabolized to inorganic fluo-
ride and hexafluoroisopropanol by cytochrome P-450, which, al-
though produced in less than toxic concentrations (<50 µm/L),
are potentially toxic to both the liver and the kidney.25 The poten-
tial for such toxicity during anesthesia is enhanced by hypoxia.
Toxicity associated with biotransformation is also enhanced by
reduced liver antioxidants, such as glutathione or vitamin E. In
all instances, toxicity of the organohalogens depends primarily
on formation of reactive intermediates, especially those produced
by non-oxygen-dependent (reductive) biotransformation,25 and
is contingent on the extent and type of biotransformation, and the
metabolic and environmental drug pathways resulting from in-
duction.24 The extent to which such induced metabolic effects in-
fluence clinical animal anesthesia is unknown. Inhalant anesthet-
ics (halothane, isoflurane, sevoflurane, and desflurane) are also
known to form carbon monoxide and increase anesthetic circuit
temperatures when they come in contact with soda lime or Bar-
lyme.26–28 The production of carbon monoxide is highest with
desflurane and isoflurane and almost nonexistent with halothane
and sevoflurane, although sevoflurane causes the greatest in-
creases in anesthetic circuit temperature and can be degraded to
a nephrotoxic vinyl ether (compound A).29,30 Concentrations of
compound A in the anesthetic circuit rarely reach nephrotoxic
concentrations even during low-flow anesthesia unless the car-
bon dioxide–absorbant material has become desiccated.30

Hepatic microsomal enzymes may also be inhibited, with
delay of biotransformation. Known inhibitors include organo-
phosphorus insecticides, pesticide synergists of the methylene-
dioxyphenyl type, guanidine, carbon tetrachloride, chloram-
phenicol, tetracyclines, and certain inhalation anesthetics.16,17

Inhibition has been illustrated by the prolonged plasma half-lives
of barbiturates, narcotics, and local anesthetics during halothane
anesthesia and by prolonged barbiturate anesthesia after a prior
or concurrent chloramphenicol medication.17,31

Relevant drug interactions may also result from protein bind-
ing and interaction at receptor sites. To prevent or treat bacterial
infections associated with surgery, antibiotics are often adminis-
tered prior to, during, or immediately after general anesthesia. In
many instances, little consideration is given to altered responses
that may occur from the interaction between antibiotics and
drugs commonly used in the operating room.32 For example, a
variety of antibiotics have been shown to cause neuromuscular
blockage, the most notable of which are the aminoglycosides
(Table 2.4).32,33

The effect of disease on the metabolic rate usually varies with
its duration. In the early febrile stage, the rate may be increased;
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Table 2.3. Examples of drugs capable of producing microsomal
enzyme induction.

Hypnotics Antihistaminics
Barbiturates Diphenhydramine (Benadryl)
Glutethimide (Doriden) Steroids
Ethanol Cortisone
Chloral hydrate Prednisone
Tranquilizers Norethynodrel (Enovid)
Chlorpromazine (Thorazine) Methyltestosterone
Promazine (Sparine) Anesthetics
Meprobamate (Equanil) Diethyl ether
Chlordiazepoxide (Librium) Halothane (Fluothane)
Anticonvulsants Insecticides
Diphenylhydantoin (Dilantin) DDT
Methylphenylethylhydantoin Chlordane

(Mesantoin)

From Brown.17

Table 2.4. Interactions at tissue receptor sites. 

The following agents have neuromuscular blocking properties.
They may intensify the effects of nondepolarizing neuromuscular
blocking agents (tubocurarine, gallamine, and dimethyl tubocu-
rarine), or they may interact with each other:

Antibiotics General Anesthetics 
Bacitracin Ether
Streptomycin, dihydro Halothane

streptomycin Methoxyflurane
Neomycin
Kanamycin Other Agents
Gentamicin Muscle relaxants
Polymyxin B Quinine
Oxytetracycline Promethazine
Lincomycin Magnesium sulfate
Other tetracyclines Barbiturates
Colistimethate Na citrate
Paronomycin Organophosphorus insecticides
Vancomycin

The following agents may intensify the neuromuscular blockade
produced by succinylcholine:

Anticholinesterase agents
Magnesium sulfate

The following reactions occur at adrenergic receptor sites:

Drug 1 Drug 2 Effect
Epinephrine Chloroform Arrhythmias due to sensitization 
Levarterenol Halothane of the heart to catechola-
Isoproterenol Thiamylal mines by Drug 2

From Abbitt.74



however, as the disease progresses, toxemia may reduce the rate
to low levels. Fever increases the metabolic rate in accordance
with van’t Hoff’s law, which states that for each degree Fahren-
heit the temperature rises, the metabolic rate increases by 7%.
When animals suffer from toxemia or liver disease, liver func-
tions are often impaired and the ability of the animal to detoxify
anesthetics is depressed. Shock lowers the metabolic rate and,
because of suppressed cardiovascular function, impairs uptake
and distribution of anesthetic agents.

Hepatocellular disease causes reduced protein (primarily albu-
min) production with consequent limitation of protein binding,
increased pharmacological activity of drugs, and unexpected sen-
sitivity to such drugs as thiopental and propofol. Production of
specific protein, such as pseudocholinesterase, may also be im-
paired, with consequent increased duration of action of succinyl-
choline. Hepatic disease may delay drug biotransformation be-
cause of enzyme inhibition or decreased hepatic blood flow.34

Significant amounts of some drugs (e.g., morphine, chloram-
phenicol, and digitoxin) and/or their metabolites (polar, molecu-
lar weight > 300) are likely to be excreted in the bile.16 Drugs de-
pendent on hepatic elimination must therefore be administered
with caution and modified by dose in the presence of hepatic
disease.

Distribution and elimination of anesthetic and related drugs
can also be impaired by renal disease with increased potential
toxicity. Protein binding of organic acids is reduced in uremic
patients, causing increased pharmacological activity (sensi-
tivity); examples include pentobarbital, phenylbutazone, and
cardiac glycosides. The increase in free-drug fraction in plasma
of patients with renal disease correlates with the degree of hy-
poalbuminemia.16 Renal disease may also limit excretion and
thereby prolong activity of muscle relaxants, such as pan-
curonium.

The degree by which renal disease actually influences drug
protein binding, and therefore overall drug activity and/or excre-
tion, may be modified by fluid therapy (dilution or increased
glomerular filtration) and by changes in plasma pH.15

Hyperthyroidism is accompanied by an elevated metabolic
rate and may increase anesthetic requirement, whereas hypothy-
roidism is generally accompanied by a lowering of the metabolic
rate and a reduced anesthetic requirement. Leukemia in some
forms increases the metabolic rate, as does long-term severe
pain, and thus these pathologies may likewise increase overall
anesthetic requirement.35

Irradiation may affect (a) potency, onset, duration of action,
and brain levels of injectable anesthetics, and (b) activity of the
hepatic microsomal enzyme system.36 Earlier onset of drug ac-
tion can apparently be caused by radiation-induced modification
of the blood-brain barrier. In adult animals, drug action is pro-
longed, which may be caused by (a) sensitization with a region-
specific increase in brain serotonin and/or (b) partial inhibition of
hepatic oxidase. Prenatal irradiation may impair the hepatic mi-
crosomal enzyme system. The anesthetic effects of barbiturates
(thiopental and pentobarbital) decrease immediately after irradi-
ation (1 to 3 h). Later, as irradiation sickness develops (days 10
to 15), sensitivity to anesthetics increases.37

Cellular Effects and Teratogenicity
Interest in mutagenic, carcinogenic, and teratogenic effects of
anesthetics peaked after an increase in spontaneous abortions
among anesthetists was noted in 1970.38 It is assumed that this
increased abortion rate was caused by chronic exposure to trace
concentrations of anesthetics. Exposure to such anesthetic con-
centrations in the first trimester of pregnancy should be avoided.
Exposure of rats to nitrous oxide on day 9 of gestation has been
shown to cause fetal resorption and skeletal and soft tissue anom-
alies. Others have also demonstrated that inhalation anesthetics
are teratogenic in animals, especially chicks.38,39 Corresponding
teratogenesis in humans has not been conclusively proved.

Epidemiological studies have suggested an increased inci-
dence of cancer among women, but not men, who work in oper-
ating rooms.34 Commonly used anesthetics, with the exception of
fluroxene, have not been shown to be potential carcinogens by in
vitro tests. Both general and local anesthetics can inhibit cell di-
vision. Anesthetics also affect such immune phenomena as cellu-
lar adherence, phagocytosis, lymphocyte transformation, chemo-
taxis, and the killing of tumor cells.40

Assessment of Anesthetic Actions
General anesthesia has simply been defined as complete uncon-
sciousness.41,42 When inducing this state, however, anesthetists
require all the following components in patients: unconscious-
ness, insensitivity to pain, muscle relaxation, and absence of re-
flex response. The degree to which these are required for specific
procedures varies. Anesthetists must therefore select the most
suitable drugs and be able to assess the degree to which the vary-
ing effects are induced. Anesthesia depth is often difficult to as-
sess, and several experimental measures, including minimum
alveolar concentration (MAC) and minimum inhibitory concen-
tration (MIC), have been developed for assessing and comparing
anesthetic activity (Table 2.5).41,42 Anesthetic drugs that induce
adequate anesthesia in one species and operation may be insuffi-
cient at similar doses in another species. Signs characterizing a
continuum of progressive increases in CNS depression and anal-
gesia may not occur with some drugs and drug combinations. For
example, the dissociatives do not induce the typical ocular signs
of increasing CNS depression, and higher doses of propofol do
not produce more insensitivity to pain commensurate with in-
creased CNS depression. Consequently, veterinarians using mod-
ern anesthetic drugs must be familiar with their specific charac-
teristics in order to use them effectively and safely.

Historically, the progressive changes produced by the admin-
istration of anesthetic drugs have been classified into four stages.
Recognizing the signs characteristic of these stages following ad-
ministration of most anesthetics enables anesthetists to determine
whether the required CNS depression has been achieved or
whether it is insufficient or too much.

Stages of General Anesthesia
For descriptive purposes, the levels of CNS depression induced
by anesthetics have been divided into four stages depending on
neuromuscular signs exhibited by patients (Table 2.6). It should
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be emphasized that no clear division exists between stages, one
blending into the next. In addition, variation in response among
patients is to be expected. Preanesthetic medication, adequacy of
oxygenation, carbon dioxide retention, and physical status of the
patients all modify the signs. Patient response is also governed by
the anesthetic that is being administered, considerable variation
existing between anesthetics.

Stage I. This is termed the stage of voluntary movement and is
defined as lasting from initial administration to loss of conscious-
ness. Some analgesia may be present in the deeper phases of this
stage. In any case, this stage is the most variable. Deviations are

caused by the anesthetic used, from variations in the tempera-
ment and condition of the patient, from the manner in which the
animal is restrained, and from the rate of induction. Nervous an-
imals are bound to resist restraint. Should the anesthetic necessi-
tate the use of a mask or be irritating to the upper airway, fear
with consequent resistance by the patient will be accentuated.
Excited, apprehensive animals may struggle violently and volun-
tarily hold their breath for short periods. Epinephrine release
causes a strong, rapid heartbeat and pupillary dilation. Salivation
is frequent in some species, as are urination and defecation. With
the approach of stage II, animals become progressively ataxic,
lose their ability to stand, and assume lateral recumbency.
Initially, they can turn or lift the head without support.

Stage II. This is called the stage of delirium or involuntary
movement. As the CNS becomes depressed, patients lose all vol-
untary control. This feature marks the change from stage I. By
definition, this stage lasts from loss of consciousness to the onset
of a regular pattern of breathing. As a result of anesthetic de-
pression of the CNS, reflexes become more primitive and ex-
aggerated. Patients react to external stimuli by violent reflex
struggling, breath holding, tachypnea, and hyperventilation.
Continued catecholamine release causes a fast, strong heartbeat,
cardiac arrhythmias may occur, and the pupils may be widely di-
lated. Eyelash and palpebral reflexes are prominent. Nystagmus
commonly occurs in horses. During this stage, animals may
whine, cry, bellow, or neigh, depending on the species concerned.
In some species, especially ruminants and cats, salivation may be
excessive; in dogs, cats, and goats, vomiting may be evoked. The
larynx of cats and pigs is very sensitive at this stage, and stimu-
lation may cause laryngeal spasms. Jaw tone is still present, and
attempts at endotracheal intubation are met with struggling and
may initiate vomition in dogs and cats and active regurgitation in
ruminants. In view of the exaggerated reflex responses during
this stage, stimulation of any kind should be avoided.

Stage III. This is the stage of surgical anesthesia and is char-
acterized by unconsciousness with progressive depression of the
reflexes. Muscular relaxation develops, and ventilation becomes
slow and regular. Vomiting and swallowing reflexes are lost.

In humans, this stage has been further divided into planes 1 to
4 for finer differentiation. Others have suggested the simpler
classification of light, medium, and deep. Light anesthesia per-
sists until eyeball movement ceases. Medium anesthesia is char-
acterized by progressive intercostal paralysis, and deep anesthe-
sia by diaphragmatic respiration.43 A medium depth of
unconsciousness or anesthesia has traditionally been considered
a light plane of surgical anesthesia (stage III, plane 2) character-
ized by stable respiration and pulse rate, abolished laryngeal re-
flexes, a sluggish palpebral reflex, a strong corneal reflex, and
adequate muscle relaxation and analgesia for most surgical pro-
cedures. Deep surgical anesthesia (stage III, plane 3) is charac-
terized by decreased intercostal muscle function and tidal vol-
ume, increased respiration rate, profound muscle relaxation,
diaphragmatic breathing, a weak corneal reflex, and a centered
and dilated pupil. If CNS depression is allowed to increase fur-
ther, patients will progress to stage IV.

Stage IV. In this stage, the CNS is extremely depressed, and
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Table 2.5. Key terms.

Median alveolar concentration (MAC): The end-tidal concen-
tration (in standardized pressure units) of inhaled anesthetic that
ablates movement (e.g., withdrawal) in response to surgical
incision in 50% of a test population. The MAC is synonymous
with MAC immobility. The original acronym MAC stood for
minimal alveolar concentration, an end point that measured the
concentration of inhaled anesthetic required to block purposeful
movement in an individual subject.

Median alveolar concentration awake (MAC-awake): The end-
tidal concentration of inhaled anesthetic that prevents appropri-
ate voluntary responses to spoken commands (e.g., to open
one’s mouth or to raise a hand) in 50% of a test population. This
end point measures perceptive awareness rather than memory.

Median alveolar concentration for blunting autonomic re-
sponses (MAC-BAR): The end-tidal concentration of inhaled
anesthetic that blocks changes in blood pressure and heart rate
in response to surgical incision in 50% of a test population.

Minimum infusion rate (MIR): The minimum infusion rate of a
drug, administered alone or in combination, required to eliminate
reflexes commonly used to assess anesthetic depth (e.g., eyelid,
laryngoscope, toe pinch, and tail clamp) in 50% of a test
population.

Loss of righting reflexes (LORR): The failure of an animal to
regain upright posture when placed on its back. Because this
end point measures responses to nonnoxious stimuli, its de-
pendence on anesthetic concentration is closely related to 
MAC-awake, which can be measured only in humans.

Potency: A measure of relative drug activity that is inversely
related to the concentration required to produce a standard
effect. A volatile anesthetic that produces a behavioral effect at
half the concentration of another anesthetic is said to be twice
as potent.

Hypnosis: There are various functional definitions of this term.
We use it to connote drug-induced impairment of cognitive
functions required for responding appropriately to environmental
stimuli, including attention and perception. For a patient in the
awake state, administration of inhaled anesthetics can produce 
a wide range of hypnotic depths, from mild inattention to
unresponsiveness to noxious stimuli.

Sedation: There are various functional definitions of this term,
which is sometimes used as a synonym for hypnosis. We use 
the term to connote drug-induced hypnosis with anxiolysis,
diminished motor activity, and decreased arousal.
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respirations cease. The heart continues to beat only for a short
time. Blood pressure is at the shock level, capillary refill of visi-
ble mucous membranes is markedly delayed, and the pupils are
widely dilated. The anal and bladder sphincters relax. Death
quickly intervenes unless immediate resuscitative steps are taken.
If the anesthetic is withdrawn and artificial respiration is initiated
before myocardial collapse, these effects may be overcome and
patients will go through the various stages in reverse.

The stages just described are best seen when inhalant anesthet-
ics are administered, probably because considerable time is re-
quired for an anesthetic concentration to accrue in the CNS. This
allows the various signs to become apparent. With some intra-
venous anesthetics (e.g., dissociatives) or the concurrent use of
preanesthetic sedatives, anesthetic-induced depression is difficult
to assess, and signs of anesthetic depression are not uniformly
apparent.

Signs of Anesthesia
Respiration
Respiratory minute volume typically increases during stage I es-
pecially if preanesthetic sedation is not used. As anesthetic de-
pression increases to stage II, respirations become irregular, and
breath holding commonly occurs. With the onset of stage III,
breathing once again becomes regular. The respiration depth at
this time depends on the respiratory threshold to stimulation; sur-
gical manipulation, for instance, stimulates respiration, whereas
premedication depresses it. If barbiturates or propofol are used
for either preanesthetic sedation or induction, early respiratory
depression occurs. During stage III, the intercostal muscles and
the diaphragm weaken progressively.44 The depth of respiration
declines progressively, thoracic movement decreases, respiration
becomes largely or entirely abdominal, and the respiration rate
may increase. With an overdosage, respiration becomes entirely
abdominal, and diaphragmatic contraction causes the abdomen to
bulge during inspiration and the thorax to collapse. During expi-
ration, the reverse occurs, the anterior excursion of the di-
aphragm causing the thorax to expand. With progressive over-
dosage, diaphragmatic movements become smaller, respiratory
exchange diminishes further, and respirations are gasping and ul-
timately cease. In dogs, oral and cervical movements (tracheal
tugging) may be observed during this stage.

Circulation
Although blood pressure may be monitored by indirect methods or
by direct arterial catheterization, veterinarians often do not meas-
ure pressure, but must depend on the pulse rate or bleeding at the
surgical site, and on induction of momentary blanching by com-
pressing an exposed mucous membrane (such as the conjunctiva,
oral mucosa, or tongue) to give some indication of the circulatory
status of patients. The mucous membranes may show pallor as a
result of hemorrhage or shock and cyanosis caused by hypoxia. In
rodents, feet, ears, and muzzles are observed for such signs; in
poultry, it is necessary to examine the comb and/or wattles; in rats
and rabbits, the color of light reflected from the eye is helpful.

During stages I and II, the pulse is strong and accelerated.
Arrhythmias sometimes occur during stage II. In stage III, the
pulse rate is regular and usually slightly accelerated. During in-
halant anesthesia, progressive bradycardia occurs. Pain stimula-
tion in light stage III may induce tachycardia or even arrhyth-
mias. As the anesthesia depth increases, blood pressure declines,
and the pulse weakens.

Ocular Signs
These include eyeball position and movement, photomotor re-
flexes and pupillary size, lacrimation, and palpebral, corneal, and
conjunctival reflexes. Although ocular signs are often helpful,
they can be quite variable in most species and should never re-
place observation of respiratory and circulatory signs.45 Eyeball
movement is especially valuable in horses, in which nystagmus
occurs with the onset of stage II and continues through light sur-
gical anesthesia. In cattle, eyeball rotation is very consistent and
a reliable indicator of anesthetic depth whether anesthesia is pro-
duced by inhalation anesthetics, barbiturates, or combinations of
central muscle relaxants, dissociatives, and �2-agonists (Fig.
2.2). In light and medium surgical anesthesia in dogs, cats, and
pigs, their eyeballs are generally turned downward. The eyelids
during this time are usually closed, and the third eyelid overlays
the medial portion of the cornea. The palpebral reflex becomes
sluggish in all species when surgical anesthesia is attained. The
pupillary size is modified by the degree of light and by premed-
ication with such drugs as morphine and atropine. The pupils are
dilated during stage II but thereafter constrict. In deep (stage III,
plane 4) anesthesia or stage IV, pupillary dilation indicates over-
dosage. Reflex constriction of the pupil on exposure to light stim-
uli (photomotor reflex) is lost on transition from light to medium
surgical anesthesia.

Lacrimation is no longer observed in the deeper stages of sur-
gical anesthesia. In horses, lacrimation is a consistent sign of
light surgical anesthesia. Because the eyes may also be open in
deep anesthesia, the cornea appears dull and is subject to the ad-
verse effects of drying. To protect against this hazard, ointment
should be applied to the eyes or they should be taped closed after
anesthesia has been induced. The palpebral reflex, which is a
blink induced by touching the eyelids, becomes sluggish or is
lost as medium surgical anesthesia develops. Blinking induced
by gently touching the cornea (corneal reflex) is variable, but is
usually lost shortly after the palpebral reflex. In horses, the
corneal reflex persists into deeper anesthesia.

Pharyngeal and Upper-Airway Reflexes
Suppression of these reflexes is of particular importance for en-
dotracheal intubation and for induction of anesthesia in animals,
such as ruminants, with full stomachs. Coughing and laryn-
gospasm in response to intubation are lost in light surgical anes-
thesia, but may persist into medium anesthesia in cats. The inten-
sity of these responses varies with the animal species concerned:
especially intense in the cat, and relatively mild in cattle and
horses. The swallowing and vomiting reflexes disappear with the
onset of stage III; like the laryngeal reflexes, the swallowing re-
flex persists into medium anesthesia in cats.
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Other Signs of Anesthesia
After an initial increase during stage II, muscle tone progres-
sively declines, as indicated by relaxation of the abdominal mus-
cles, decreasing efficiency of the intercostal muscles, and re-
duced resistance to passive flexion of the limbs. In lean animals
with shorthaired coats, abdominal muscle relaxation may be such
that the profile of viscera is readily apparent. The contour of the
rumen may become visible in some ruminants. In cats, detectable
extensor tone, in response to passive flexion of the limb by push-
ing on the digits, persists into medium surgical anesthesia.
Generally, limb muscles are relaxed in light anesthesia, whereas
abdominal muscles are not well relaxed until anesthesia is deep.
The tone of the anal sphincter of horses is a good indicator of re-
laxation in this species. During stage II, the sphincter is tight, but
as anesthetic depth increases, the sphincter relaxes so that in deep
surgical anesthesia it may gape to such an extent that feces can
be observed in the anal canal. Concomitant with progressive di-
latation, the anal sphincter gradually loses ability to contract in
response to mechanical stimulation in medium to deep surgical
anesthesia. Deliberate anal dilation induces an increase in respi-
ratory rate; this respiratory reflex is lost during early stage III.

In dogs, response to opening the jaw is considered to be a use-
ful sign by many veterinarians. During transition from stage II to
stage III, passive opening of the mouth may elicit yawning,

which is a response especially likely in barbiturate anesthesia.
Resistance to opening the mouth fully is lost in medium anesthe-
sia. The digital (pedal) reflex, in which the limb is flexed in re-
sponse to painful stimulation of the digits or interdigital region,
is also a useful guide to the depth of anesthesia in dogs, cats, and
rats. This reflex is lost as the transition from light to medium sur-
gical anesthesia occurs. Head shaking in response to ear pinch-
ing is a helpful sign in cats, rabbits, and guinea pigs, and is lost
with the onset of surgical anesthesia. In cattle and cats, the ear-
flick reflex in response to tactile stimulation of the hairs within
the pinna remains until a medium level of anesthesia is present.
Twitching of the whiskers in response to ear pinching is lost as
light anesthesia progresses to medium. Response to painful stim-
ulation by pinching the tail of rodents and snakes and the wattles
or combs of birds is a useful indicator of the onset of surgical
anesthesia. The anal reflex remains until a deeper plane of anes-
thesia is achieved in birds and is often referred to as the vent re-
flex in this species.

Signs of Anesthesia Recovery
As anesthetic drugs are eliminated from the CNS, the degree of
anesthesia lightens and reverse progress through the stages of
anesthesia occurs. Induction techniques are usually selected and
performed to minimize the duration of stage II, in which excite-
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Fig. 2.2. Eyeball position during induction and maintenance of general anesthesia of cows. A: Position of the cow’s eye when awake and
positioned in lateral recumbency. Induction of anesthesia is accompanied by a progressive ventral rotation of the eyeball, becoming partially
obscured by the lower eyelid. B and C: As the depth of anesthesia is increased, the cornea becomes completely hidden by the lower eyelid. 
D: At this time, surgical anesthesia is present. Applying traditional methods of assessing anesthetic depth, the cow would be in stage III, plane
2 to 3. Increasing the depth of anesthesia causes the eye to rotate dorsally, with the cornea becoming centered between the palpebra. E: At
this time, deep surgical anesthesia with profound muscle relaxation and central nervous system depression is present. Eye reflexes have been
lost, and the cornea will appear dry and wrinkled. Maintaining this extreme depth of anesthesia can rapidly end in death of the patient.
Decreasing the depth of anesthesia is accompanied by eyeball rotation occurring in reverse order. From Thurmon and Benson.75



ment and motor activity may occur. During recovery, however,
stage II can be prolonged. Every effort should be made to avoid
stimulation of the animal at this time. This stage of recovery is of
particular concern when large animals are anesthetized. Horses
are especially subject to excitement and struggling during this
period. The use of short-acting anesthetics and postoperative se-
dation can do much to minimize recovery delirium.

During recovery, the question arises of how best to judge the re-
covery from anesthesia, particularly when so many modifying
factors must be considered. Experienced anesthetists find them-
selves relying less on classic signs of anesthesia and more on a pa-
tient’s response to stimuli. Needless to say, effective anesthesia is
not only that which just obliterates a patient’s response to painful
stimuli without excessive depression of vital functions, but also
that from which recovery is relatively rapid and uneventful.

Patient Evaluation and Preparation
A thorough history should be recorded and a complete physical
examination performed before anesthesia. Every animal should
be categorized regarding its physical health, pain and stress sta-
tus, and anesthetic risk (Table 2.7). Appropriate medical and
nursing issues should be reviewed and provided before produc-
ing anesthesia.

Preanesthetic Evaluation
The purpose of the preanesthetic patient evaluation is to deter-
mine a patient’s physical status. In general, physical status refers
to the presence or absence of disease, severity of pain (if present),
and the level of stress. Specifically, the term refers to a patient’s
medical condition, including the degree of pain and stress and the
overall efficiency and function of organ systems. The goal is to
determine any deviations from the norm that will affect anes-
thetic uptake, action, elimination, and safety. Organ systems of
greatest concern are the nervous, cardiopulmonary, hepatic, and
renal. Knowledge of the physical status is an aid to selection of
anesthetic drugs and techniques and arriving at a preanesthetic
prognosis. Physical status is one of the best determinants of the
likelihood of cardiopulmonary emergencies occurring during the
anesthetic period. As such, it is much better than arbitrary predic-

tors such as age. It is axiomatic that the sicker a patient (the poorer
the physical status) is, the greater is the likelihood of adverse
events or death. Physical status is determined by (a) history, in-
cluding an assessment of pain; (b) inspection (attitude, condition,
conformation, temperament, stress, or distress); (c) palpation, per-
cussion, and auscultation; and (d) laboratory determinations and
special procedures (e.g., radiographs). Any abnormalities should
be noted. Those that can be corrected should be. If no further im-
provement can be reasonably corrected by medical treatment, the
patient’s overall risk and prognosis can be determined.

The history and physical examination are the best determi-
nants of the presence of disease. Laboratory tests should be done
on the basis of the physical exam and history. The use of exten-
sive laboratory screening of patients has not been found to im-
prove the outcome of surgical patients in either human or veteri-
nary medicine. Laboratory screenings frequently fail to uncover
pathological conditions, they detect abnormalities that do not
necessarily improve patient care or outcome, and they are ineffi-
cient in screening for asymptomatic disease. Moreover, abnor-
malities that are detected seldom have any impact on anesthetic
protocol or surgical management.46

The use of multiple chemical and enzymatic analyses of blood
and urine in surgical patients has become common with the ad-
vent of automated analyzers and their availability to veterinari-
ans. Their use, as previously noted, has not appreciably improved
the outcome of veterinary surgical patients. Frequently, when an
abnormal value is reported, surgery is delayed and the test rerun,
adding to the total cost of the procedure, with little patient bene-
fit. It should be remembered that reference ranges compare the
test result with a set of values from a group of similar animals in
a defined state of health (determined by physical examination).
The reference range, normal, is presumed to be within ±2 stan-
dard deviations of the mean. A common error, however, is to as-
sume that the upper and lower limits of this presumed normal
range represent a rigid cutoff point between a state of health and
disease or normal and abnormal function. Indeed, 5% of normal
animals fall outside this range. Furthermore, a test result in the
normal range (within 2 standard deviations of the mean) implies
that function is normal, but does not account for normoglycemic
diabetics or animals with cirrhosis that have normal hepatic en-
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Table 2.7. Classification of physical statusa.

Category Physical Status Possible Examples of This Category

I Normal healthy patients No discernible disease; animals entered for ovariohysterectomy, 
ear trim, caudectomy, or castration

II Patients with mild systemic disease Skin tumor, fracture without shock, uncomplicated hernia, cryptor-
chidectomy, localized infection, or compensated cardiac disease

III Patients with severe systemic disease Fever, dehydration, anemia, cachexia, or moderate hypovolemia
IV Patients with severe systemic disease that Uremia, toxemia, severe dehydration and hypovolemia, anemia, 

is a constant threat to life cardiac decompensation, emaciation, or high fever
V Moribund patients not expected to survive Extreme shock and dehydration, terminal malignancy or infection, 

1 day with or without operation or severe trauma

aThis classification is the same as that adopted by the American Society of Anesthesiologists.



zymes and bilirubin values. Because 5% of nondiseased animals
fall outside the normal range as previously defined, 1 of 20
healthy animals tested will fall outside the range. If multiple tests
are performed, the frequency of abnormal test results in nondis-
eased animals increases with the number of tests done. As the
number of tests increases, the likelihood of an abnormal result in
a nondiseased animal increases. In a ten-test profile of independ-
ent parameters, there is a 40% chance of at least one test result
being outside the reference range. Reference ranges do provide
useful standards by which extreme test values can be recognized.
However, there is no consistent relationship between the ex-
tremeness of test results and the presence of a disease.
Frequently, there is overlap in the distribution of measured test
values between healthy and diseased populations. This is caused
in part by the statistical nature of the reference ranges, the inher-
ent spectrum of disease (latent to fulminant), and the variable rate
of disease progression and host response that the test measures.
Thus, test results must be carefully interpreted in light of the
physical examination and the history and not rigidly interpreted
on an empirical basis of simply being more than 2 standard devi-
ations from the mean of the reference population.47

A thorough preanesthetic evaluation of patients is essential for
successful anesthesia and subsequent surgery. Every effort should
be made to detect factors that may modify anesthetic action and
safety, emphasizing concurrent diseases, current or projected
painful conditions, and stress status. Although such evaluation is
important in all patients, it is especially important in critically ill
patients. In addition to body weight and vital signs, the following
should be included: The history should include previous and cur-
rent health; presenting complaint, its severity, and its duration;
concurrent symptoms of disease (e.g., diarrhea, vomiting, exer-
cise intolerance, ascites, rales, dyspnea, and polyurea-polydipsia);
pregnancy; exposure to drugs; prior anesthetic history; and recent
feeding. Especially important to consider are the status of car-
diopulmonary function, the potential of acid-base or electrolyte
imbalance, the possibility of a full or distended stomach or of he-
patic or renal disease, and the prior or concurrent administration
of drugs (e.g., organophosphates, diuretics, digitalis preparations,
anticonvulsants, corticosteroids, aminoglycoside antibiotics, sul-
fonamides, and nonsteroidal anti-inflammatory drugs).

All body systems should be examined and any abnormalities
identified. The physical examination and medical history will de-
termine the extent to which laboratory tests and special proce-
dures are necessary. In all but extreme emergencies, packed cell
volume and plasma protein concentration should be routinely de-
termined. Contingent on the medical history and physical exam-
ination, additional evaluations may include complete blood
counts; urinalysis; blood chemistries to identify the status of kid-
ney and liver function, blood gases, and pH; electrocardiography;
clotting time and platelet counts; fecal and/or filarial examina-
tions; and blood electrolyte determinations. Tests should not be
run unless it is suspected their results could cause a change in
anesthetic management. Radiographic and/or fluoroscopic exam-
ination may also be indicated, especially in animals, such as pri-
mates, calves, sheep, and rodents, that are susceptible to chronic
respiratory infections.

Following examination, the physical status of the patient
should be classified as to its general state of health according to
the American Society of Anesthesiologists (ASA) classification
and the information recorded (Table 2.7). This mental exercise
forces the anesthetist to evaluate the patient’s condition and
proves valuable in the proper selection of anesthetic drugs.
Classification of overall health is an essential part of any anes-
thetic-record system. The preliminary physical examination
should be done in the owner’s presence, if possible, so that a
prognosis can be given personally. This allows the client to ask
questions and enables the veterinarian to communicate the risks
of anesthesia and allay any fears regarding management of the
patient.

Pain
Pain and the biological responses to it are part of a highly inte-
grated warning system directed toward maintaining homeostasis
and preventing further injury.48 Pain, along with heart rate, respi-
ratory rate, temperature, and blood pressure, should be consid-
ered the fifth clinical sign routinely assessed prior to medical
treatment. The pain system includes sensors, neural pathways,
and processing centers that are responsible for detecting, trans-
mitting, and activating animals’ biological and behavioral re-
sponses to noxious events. Pain warns animals of potential tissue
damage and protects them from further injury. Animal pain has
been defined as “an aversive feeling or sensation associated with
actual or potential tissue damage,” broadening the dictionary def-
inition to include behavioral changes, neuroendocrine activation,
and the “stress response.”48 The latter definition is the basis for
why pain perception alone is not considered to fully represent the
pain experience and helps to explain the relationship between
painful experiences and pain behaviors in animals. Nociception
is the neurophysiological process whereby noxious mechanical,
chemical, or thermal stimuli are transduced into electrical signals
(action potentials) by high-threshold pain receptors (nociceptors)
located on the peripheral terminals of very thin, noninsulated or
minimally insulated (myelinated) C and A-� nerve fibers, respec-
tively.48 These electrical signals are subsequently transmitted to
the superficial and deeper layers of the dorsal horn of the spinal
cord, modified (modulated), and projected to the brain (percep-
tion). The free nerve endings of afferent sensory pain fibers en-
code noxious stimuli, depending on the modality, intensity, dura-
tion, and location of the stimulus. The intensity of the stimulus
producing pain is considerably greater than that required to elicit
innocuous sensations and is the most important factor determin-
ing the severity of pain. In the absence of tissue damage, pain is
considered to be physiological or “ouch” pain, which warns and
protects animals from tissue damage. Pathological pain occurs
when tissues or nerves are damaged and has been “clinically”
categorized based on the most likely mechanism responsible
(e.g., inflammation, neuropathy, and cancer).48 Unlike physio-
logical pain, pathological pain can be produced by stimulation of
large myelinated A-� nerve fibers, which normally do not trans-
mit painful sensations. Severe injuries and chronic pathological
pain states can change (dynamic plasticity) the intensity of the
stimulus required to initiate pain (hypersensitivity). The develop-
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ment of tissue hypersensitivity (nociceptor sensitization) can be
responsible for the development of increased sensitivity to nox-
ious stimuli (hyperalgesia) and painful sensations arising from
normally nonpainful perceptions (allodynia).

Tissue damage and inflammation can result in the activation
and release of intracellular components from damaged cells, in-
flammatory cells (lymphocytes, neutrophils, and macrophages),
and the primary nerve fiber itself. The local release and spread of
ions (hydrogen and potassium), prostaglandins (prostaglandin
E2), bradykinin, cyclooxygenase, neurotrophic growth factors
and cytokines (interleukin 1, interleukin 6, and tumor necrosis
factor � [TNF-�]) sensitize pain fibers to subsequent painful and
nonpainful stimuli.48 Mast cell degranulation increases the local
concentration of 5-hydroxytryptamine (5-HT or serotonin) and
histamine. Together these substances produce a “sensitizing
soup” that lowers the threshold of nociceptors and activates
“silent” nociceptors (10% to 40% of the total nociceptor popu-
lation), amplifying the pain response and producing a zone of
primary hyperalgesia.48 Local vasodilation and plasma extrava-
sation further amplify the inflammatory response and spread hy-
persensitivity to surrounding tissues, and hypersensitivity to non-
painful stimuli occurs.

More severe tissue trauma or nerve damage produces electri-
cal signals that continuously bombard dorsal horn neurons, pro-
ducing a cumulative effect and activation of alternate receptors
on dorsal horn neurons, resulting in central sensitization. Central
sensitization occurs when the cumulative effects of frequent
(chronic) or severe peripheral nociceptor input releases excessive
quantities of CNS neurotransmitters (substance P, neurokinin A,
and brain-derived neurotrophic factor), including glutamate,
which activates N-methyl-D-aspartate and other receptors, result-
ing in an increase in sensitization (windup) of neurons in the dor-
sal horn of the spinal cord.48 Sensitization of dorsal horn neurons
can last for hours and is believed to be responsible for pain out-
side the area of tissue injury (secondary hyperalgesia) and allo-
dynia. Central sensitization is fundamentally different from pe-
ripheral sensitization in that the former enables low-intensity
stimuli to produce pain sensations. When pain is chronic, central
sensitization enables sensory fibers that normally transmit non-
painful stimuli (low-threshold A-� fibers) to produce pain as a
result of changes in sensory processing in the spinal cord. Central
sensitization increases the responsiveness of dorsal horn neurons
to sensory inputs (allodynia), expands receptive field, and is be-
lieved to be responsible for the discomfort and agony produced
by severe injury. Chronic pain, therefore, can be responsible for
activity-dependent plasticity and long-term structural changes
(neuroplastic) within the CNS, leading to the development or
modification of memory patterns that change animal behavior.
Together the development of windup and central sensitization
represent a process that exists as a consequence of continuous,
unrelenting, and untreated pain causing stress and distress. The
diagnosis and treatment of pain, therefore, require an apprecia-
tion of its consequences, a fundamental understanding of the
mechanisms responsible for its production, and a practical appre-
ciation of the analgesic drugs that are available. Semiobjective
and objective behavioral, numerical, and categorical methods

have been developed for the diagnosis of pain and, among these,
the visual analogue scale (VAS) has become popular. A trained
observer rates pain along a 10-cm line from no pain to worst pos-
sible pain and, based on this rating, prescribes appropriate ther-
apy. Ideally, pain therapy should be directed toward the mecha-
nisms responsible for its production (multimodal therapy), with
consideration, when possible, of initiating therapy before pain is
initiated (preemptive therapy). The American Animal Hospital
Association (AAHA) has developed standards for the assess-
ment, diagnosis, and therapy of pain that should be adopted by
all veterinarians (Table 2.8).

Stress
Animals feel pain, which affects their physiology, quality of life,
and interactions with their environment. Pain normally serves a
protective function by warning animals of real or impending
tissue damage but, when severe or chronic, is responsible for
temporary periods of dramatic increases in sympathoadrenal 
and neuroendocrine activity, which is commonly referred to as
the stress response. Both acute and chronic pain can produce
stress.49 Untreated pain can initiate an extended and potentially
destructive series of events characterized by neuroendocrine dys-
regulation, fatigue, dysphoria, myalgia, abnormal behavior, and
altered physical performance. This type of response has been
termed the sickness syndrome. Even without a painful stimulus,
environmental factors (loud noise, restraint, or a predator) can
produce a state of anxiety or fear that sensitizes and amplifies the
stress response. Distress, an exaggerated form of stress, is pres-
ent when the biological cost of stress negatively affects the bio-
logical functions critical to survival. Pain, therefore, should be
considered in terms of the stress response and the potential to de-
velop distress.
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Table 2.8. American Animal Hospital Association pain manage-
ment standards (2003).

01. Pain assessment for all patients regardless of presenting
complaint

02. Pain assessment using standardized scale/score and
recorded in the medical record

03. Pain management is individualized for each patient
04. Practice utilizes preemptive pain management
05. Appropriate pain management is provided for the antici-

pated level and duration of pain
06. Pain management is provided for the anticipated level and

duration of pain
07. Patient is reassessed for pain throughout potentially painful

procedure
08. Patients with persistent or recurring disease are evaluated to

determine their pain management needs
09. Analgesic therapy is used as a tool to confirm the existence

of a painful condition when pain is suspected but cannot be
confirmed by objective methods

10. A written pain management protocol is utilized
11. When pain management is part of the therapeutic plan, the

client is effectively educated



Normally, the stress response is an adaptive pattern of neural,
behavioral, endocrine, immune, hematologic, and metabolic
changes directed toward maintaining or restoring homeostasis.49

Most stress is temporary because the stressor is removed. During
threatening circumstances, the stress response prepares animals
for an emergency reaction and fosters survival (fight or flight).
Acute pain can produce significant stress in dogs and cats. Pain
induced by surgical or accidental trauma evokes characteristic re-
sponses typified by activation of the sympathetic branch of the
autonomic nervous system, secretion of glucocorticoids (prima-
rily cortisol), hypermetabolism, sodium and water retention, and
altered carbohydrate and protein metabolism (Table 2.9).
Increased central sympathetic output causes increases in heart
rate and arterial blood pressure, sweating, piloerection, and pupil
dilatation. The secretion of catecholamines from the adrenal
medulla and spillover of norepinephrine released from postgan-
glionic sympathetic nerve terminals augment these central ef-
fects. Increased concentrations of circulating catecholamines
augment glycogenolysis and gluconeogenesis and promote in-
sulin resistance. Corticotrophin-releasing factor (CRF) is re-
leased from the hypothalamus, amplifying the startle response,
anxiety, fear and, in some animals, rage. CRF serves as an exci-
tatory neurotransmitter releasing cortical norepinephrine, dopa-
mine, and 5-HT, with resultant behavioral changes, including hy-
perresponsiveness, hyperarousal, vigilance, and agitation. Mild
to moderate acute pain caused by tissue trauma may activate the
immune response. Severe acute pain produces behavioral, auto-
nomic, neuroendocrine, and immunologic responses that upset
homeostasis and can lead to self-mutilation and immune incom-
petence. Chronic pain produces sustained increases in circulating
concentrations of cortisol, epinephrine, norepinephrine, and
glucagon, suppressing both the humoral and cellular immune re-
sponse. The systemic release of endogenous opioids (endorphin
and enkephalin) may contribute to immunosuppression. The
messengers of the immune system are cytokines (interleukin 1,
interleukin 6, and TNF-�). The acute-phase response can be trig-
gered by severe stress from any cause. The main feature of the
acute-phase response is the release of proteins from the liver that
act as inflammatory mediators and scavengers in tissue repair.
They include C-reactive protein, fibrinogen, macroglobulin, and
antiproteinases. Excessive production of these proteins can con-
tribute to the development or maintenance of the systemic in-
flammatory-response syndrome (SIRS). The peripheral blood
white cell count generally reflects a stress leukogram typified by
an elevated number of immature polymorphonuclear leukocytes
(left shift) and reduced numbers of lymphocytes. Stress induced
by chronic pain often produces morphological changes that are
typical of long-term aversive stimuli and include a failure to
thrive, poor hair coat, weight loss, and acceleration of aging.
Ultimately, changes in an animal’s behavior may be the most
noninvasive and promising method to monitor the severity of an
animal’s pain and associated stress.

Patient Preparation
Too often, operations are undertaken with inadequate preparation
of patients. Some foresight here is beneficial. With most types of

general anesthesia, it is best to have patients off feed for 12 h pre-
viously. It should be recalled that some species are adversely af-
fected by fasting. Birds, neonates, and small mammals may be-
come hypoglycemic within a few hours of starvation, and
mobilization of glycogen stores may alter rates of drug metabo-
lism and clearance. The latter may be a factor in ruminants. In
contrast, feeding dogs increases their metabolic rate for up to 18
h. Induction of anesthesia in animals having a full stomach
should be avoided, if at all possible, because of the hazards of as-
piration. Distension of the rumen in sheep and larger ruminants
has been shown to impair ventilation, with consequent hypox-
emia and hypercapnia.50 In horses, a full stomach may rupture
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Table 2.9. Consequences and indicators of the stress response.

Neurohumoral response
Pituitary

Adrenocorticotropic hormone increases
Growth hormone increases
Vasopressin increases
Thyroid-stimulating hormone increases

Adrenal cortex
Cortisol increases
Aldosterone increases
Catecholamines increase

Pancreas
Insulin often decreases
Glucagon increases

Thyroid
Thyroxine decreases

Systemic effects
Activation of CNS

Hypothalamus, amygdala, and locus caeruleus
Increases in CNS sympathetic output

Catecholamines
Endocrine “stress” response

Pituitary hormone secretion
Adrenal hormone secretion

Glucosemia
Insulin resistance
Cytokine production
Acute-phase reaction
Neutrophil leukocytosis
Immunologic and hematologic changes

Indicators of stress caused by pain
Reduced activity

Quiet/loss of curiosity
Less social
Loss of appetite
Stiff posture/gait

Refuses to move
Vocalizes
Stops grooming
Guards
Self-mutilation

CNS, central nervous system.



during induction and casting. Although limitation of food does
not empty the rumen, the possibility of regurgitation is perhaps
reduced if water is withheld for 12 to 24 h prior to induction.

In most species, especially in the young and aged, water is
usually offered up to the time that preanesthetic agents are ad-
ministered. It should be remembered that many older animals
suffer from renal disease. Although these animals remain com-
pensated under ideal conditions, the stress of hospitalization,
water deprivation, and anesthesia, even without surgery, may
cause acute decompensation. To withhold water from these ani-
mals, even for short periods, may prove hazardous. Ideally, a
mild state of diuresis should be established with intravenous flu-
ids in nephritic patients prior to the administration of anesthetic
drugs. In any case, it is good anesthetic practice to administer in-
travenous fluids during anesthesia to help maintain adequate
blood pressure and urine production, and to provide an available
route for drug administration.

Systemic administration of antibiotics preoperatively is a help-
ful prophylactic measure prior to major surgery or if contamina-
tion of the operative site is anticipated. However, the potential in-
teraction of antibiotics with anesthetic or related drugs should
receive careful consideration, and antibiotics ideally are given 1
or 2 h before anesthetic induction begins. In surgery of the colon,
rectum, and anus, preoperative enemas administered 1 or 2 days
prior to surgery will remove fecal material and facilitate manip-
ulation. On the other hand, an enema just prior to surgery may
complicate the situation, because feces will be fluid and the op-
erative site may easily become contaminated.

Dehydrated animals should be treated with fluids and appro-
priate alimentation prior to operation; fluid therapy should be
continued as required. The delay occasioned by administration of
fluids is more than compensated for by the animal’s increased
ability to withstand the stress of anesthesia and surgical trespass.
An attempt should be made to correlate the patient’s electrolyte
balance with the type of fluid that is administered. Anemia and
hypovolemia, as determined clinically and hematologically,
should be corrected by administration of whole blood or blood
components and balanced electrolyte solutions. Patients in shock
without blood loss or in a state of nutritional deficiency benefit
by administration of plasma or plasma expanders.51

Several conditions may severely restrict effective ventilation.
These include upper-airway obstruction by masses or abscesses,
pneumothorax, hemothorax, pyothorax, chylothorax, diaphrag-
matic hernia, and gastric or rumen distention. Affected animals
are often in a marginal state of oxygenation. Oxygen administra-
tion by nasal catheter or mask is indicated if the patient will ac-
cept it. Alternatively, a tracheotomy may be performed under
local anesthesia prior to induction. Intrapleural air or fluid should
be removed by aspiration prior to induction, because the effective
lung volume may be greatly reduced and severe respiratory em-
barrassment may occur on induction. Although no attempt should
be made to insert an endotracheal catheter in these patients prior
to anesthesia, this must be done immediately after induction.
Anesthetists should be prepared to carry out all phases of induc-
tion, intubation, and controlled ventilation in one continuous
operation.

In laboratory animals, especially rats, guinea pigs, mice, and
rabbits, chronic respiratory disease may be endemic. In calves,
sheep, and swine, lung lesions are common. In primates, tuber-
culosis may be encountered. Animals having such infections
should receive specific therapy prior to anesthesia, and, should
resolution not occur, local or regional anesthesia should be
strongly considered.

Decompensated heart disease is a contraindication for general
anesthesia. If animals must be anesthetized, an attempt at com-
pensation through appropriate inotropes, antiarrhythmic drugs,
and diuresis should be made prior to anesthesia. If ascites is pres-
ent, this fluid should be aspirated to reduce excessive pressure on
the diaphragm.

In cases of hepatic or renal insufficiency—for instance, in
many bacterial and viral infections of mice, dogs, or primates, or
in parasitism of calves, sheep, and rabbits—the mode of anes-
thetic elimination should receive strong consideration, with in-
halation anesthesia preferred. Under experimental conditions,
animals with clinical or subclinical disease of any body system
should be identified and treated before inclusion.

Just prior to induction, it is desirable to encourage defecation
and/or urination by giving animals access to a run or exercise
pen. If this attempt is unsuccessful, catheterization or bladder
compression may be necessary prior to surgery. Once an animal
is anesthetized, the bladder can be emptied by slow, steady com-
pression through the abdominal wall or by catheterization. An
empty bladder is an advantage in abdominal surgery because
urine may contaminate the operative field.

During anesthesia, patients should, if possible, be restrained in
a normal physiological position. Compression of the chest, acute
angulation of the neck, overextension or compression of limbs,
and compression of the posterior vena cava by large viscera can
all lead to serious compromise. Complications include hypoven-
tilation, nerve and/or muscle damage, and impaired venous re-
turn. Horses are especially susceptible to myopathy and/or
neuropathy caused by excessive extension, abduction, or com-
pression and ischemia of the muscles. Such complications are
more likely to occur when good relaxation is achieved or when
blood pressure is depressed and recumbency is prolonged in a
lateral position. Such a position also adversely affects ventila-
tion-perfusion ratios and thereby the efficiency of gas exchange
within the lungs. The inefficiency of respiratory exchange may
be greater in one position than another.52 In some cases, a peri-
odic change in position may be beneficial during long surgical
procedures.

Tilting anesthetized patients alters the amount of respiratory
gases that can be accommodated in the chest (functional residual
capacity [FRC]) by as much as 26%.53 In dogs subjected to hem-
orrhage, tilting them head-up was detrimental, producing low-
ered blood pressure, hyperpnea, and depression of cardiac con-
tractile force.54 When dogs were tilted head-down, no circulatory
improvement occurred. In pentobarbital-anesthetized dogs lying
on a horizontal table, sternal recumbency and left and right lat-
eral recumbency positions consistently produced the least overall
change in cardiopulmonary function (D. W. DeYoung and W. V.
Lumb, unpublished data, 1971). The supine position was the
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least physiological of the level positions assessed. Prone and
supine head-down positions (60°) produced the greatest physio-
logical derangement.

In all species, the head should be extended to provide a free
airway and to prevent kinking of the endotracheal tube. In rumi-
nants, it is desirable to have the head tilted down to enable
drainage of saliva. Downward tilting of the hindquarters and ab-
domen (below the thorax), with minimal compression of the ab-
domen, limits reflux of rumen contents. On induction, if active
regurgitation begins with large volumes of ruminal contents
flowing into the pharyngeal cavity, pressure should be applied
immediately by externally grasping the esophagus dorsal to the
trachea to prevent further flow. Alternatively, an endotracheal
tube can be inserted into the esophagus and the cuff rapidly in-
flated, directing the flow through the tube away from the laryn-
geal opening while an endotracheal tube is properly placed to
protect the airway from contamination. Precautions should also
be taken to prevent accumulation of rumen gases during anesthe-
sia. This may be done by passage of a large-bore stomach tube.
During emergence from anesthesia, it is desirable to position ru-
minants in sternal recumbency. When large species are restrained
in recumbency, viscera, restraining ropes, and bands may restrict
respiration or compress nerves or muscle groups severely. During
restraint in dorsal recumbency, abdominal viscera may compress
the large veins and restrict venous return. In all instances, thor-
ough padding beneath the animal is mandatory.

Selection of an Anesthetic
The ideal anesthetic is one that

1. Does not depend on metabolism for its termination of action
and elimination

2. Enables rapid induction, quick alteration in anesthesia depth,
and rapid recovery

3. Does not depress cardiopulmonary function
4. Does not irritate any tissue
5. Is inexpensive, stable, noninflammable, and nonexplosive
6. Requires no special equipment for administration

No anesthetic drug possesses all of these qualities. Therefore,
selection of an anesthetic is a compromise based on appraisal of
the situation. Factors to be considered include

1. The patient’s species, breed, and age
2. The patient’s physical status
3. The time required for the surgical (or other) procedure, its

type and severity, and the surgeon’s skill
4. Familiarity with the proposed anesthetic technique
5. Equipment and personnel available

In general, veterinarians will have greatest success with drugs
they have used most frequently and with which they are most fa-
miliar. The art of administration is developed only with experi-
ence; therefore, change from a familiar drug to a new one is usu-
ally accompanied by a temporary increase in anesthetic risk.
Clarke,55 speaking of anesthesia in people, stated, “The outstand-
ing fact is that thorough familiarity with a technique is equivalent

at least to a 30 percent increase in efficiency and safety. If a per-
son has mastered a technique, it is not worth his while changing
to a new and unfamiliar one unless the change promises some big
advantage.”

Often the length of time required to perform a surgical proce-
dure and the amount of help available during this period dictate
the anesthetic that is used. Generally, short procedures are 
done with short-acting agents, such as thiobarbiturates, propofol,
alphaxalone-CD, and etomidate, or with combinations using dis-
sociative, tranquilizing, and/or opioid drugs. Where longer anes-
thesia is required, inhalation or balanced anesthetic techniques
can usually be safely used.

Species differences may prevent the use of some drugs. For ex-
ample, procaine is frequently lethal for parakeets and, in high
doses, morphine can be excitatory in cats. On the other hand,
once adjusted for species dose requirements, most agents can be
used interchangeably among species. Anesthesia in the very
young is attended with increased risk owing to size limitations,
limited muscular and adipose tissue in which anesthetic may be
redistributed, and immature metabolic and excretory mecha-
nisms. For this reason, the use of barbiturates in very young pa-
tients is generally not recommended.

Aged animals are often poor anesthetic risks because of de-
creased vitality and the possibility of decreased cardiac, hepatic,
and renal function (reserve), which may not be apparent on ca-
sual examination. Drugs should be chosen and administered in
doses that minimally depress these systems and that can be eas-
ily metabolized and eliminated or reversed with specific antago-
nists. The same is true of patients in poor physical condition, be-
cause the liver and kidneys usually are somewhat affected.

General anesthesia is to be avoided, if at all possible, in ani-
mals with renal failure. Local, regional or epidural anesthesia
should be used where possible. If general anesthesia must be
used, induction with a short-acting anesthetic such as propofol or
etomidate, a potent opioid, or very low doses of a thiobarbiturate
and inhalant anesthetic is preferred.

A cardiac murmur per se is not a contraindication to general
anesthesia unless the murmur is accompanied by untreated car-
diac decompensation (no exercise tolerance). However, such pa-
tients may have less cardiac reserve and require more careful
supervision during anesthesia. Patients with heartworm infesta-
tion and congenital lesions of the heart and great vessels also fall
into this category. Balanced techniques using less depressant
drugs such as dissociatives, opioids, etomidate and isoflurane are
preferred.

Brachycephalic dogs, because of their pendulous soft palate
and restricted respiratory passages, may have difficulty in breath-
ing even when awake. This is particularly true in hot, humid
weather. During anesthesia, the degree of airway obstruction is
compounded, and these animals often have severe respiratory
strider unless a patent airway is maintained via endotracheal in-
tubation. It is wise to use short-lasting agents that are rapidly
eliminated (e.g., propofol) so that a prolonged recovery period is
avoided and patient control of the airway recovers rapidly.

In large animals such as horses and cattle, anesthetics should
be selected to provide rapid recovery with minimal emergence
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struggling. Emergence struggling is usually more of a problem in
equine anesthesia, whereas general anesthesia in ruminants is
complicated by the hazards of rumen tympany, regurgitation, and
aspiration. These latter complications make the use of regional
anesthesia desirable where appropriate. In the event general
anesthesia is used, endotracheal intubation is mandatory.
Regional anesthesia with the patient in the standing position has
the advantage of preventing compression of abdominal viscera
and is therefore less likely to impede respiratory and cardiovas-
cular function.

The overriding consideration in choosing an anesthetic proto-
col is patient safety. This is based on

1. Patient factors likely to influence responses to anesthesia, up-
take, distribution, and elimination

2. The physical status of the animal
3. The specific needs of the species
4. The specific needs in the case, including the relative require-

ments for sedation, immobilization, analgesia, relaxation,
and safety

Secondarily, the anesthetic protocol should be one that pro-
vides convenience to the surgeon so that the procedure can be
completed efficiently, insures patient comfort, allows for appro-
priate monitoring, and can be administered with confidence by
the veterinarian.

Operative Risk
Operative risk refers to uncertainty and the potential for misad-
venture or adverse outcome as a result of anesthesia and surgery.
It should be emphasized that physical status, anesthetic risk, and
operative risk are entirely different. To determine anesthetic risk,
many factors must be considered, including the degree of skill of
the anesthetist, the anesthetic to be employed, and the physical
status of the patient. To determine operative risk, the foregoing
must be appraised and, in addition, the operation to be performed
and the skill of the surgeon must be taken into consideration.
Operative risk, then, is determined by factors associated with the
patient, anesthesia, and surgery.55–59 Patient factors affecting risk
include physical status, temperament, age, species and breed, and
overall physical fitness. Perioperative morbidity and mortality in-
crease with the severity of preexisting disease. Geriatric and pe-
diatric patients are at increased risk because of limited ability to
respond to stress because of decreased functional reserves in the
former and incomplete development in the latter. Depressed or
overly apprehensive or fractious patients are often unstable and
difficult to safely induce and maintain. In such patients, careful
consideration should be given to preanesthetic management and
choice of drugs. Species and breed characteristics can contribute
to operative risks. Examples include the increased risk of airway
obstruction in brachycephalic dogs, malignant hyperthermia in
some strains of swine, increased incidence and severity of myosi-
tis in heavy draft horses, and increased incidence of regurgitation
and aspiration in ruminants.

Surgical factors that can increase risk include the nature of the
procedure itself (i.e., duration, complexity, organ involvement,

operating conditions, and emergency). Major surgical procedures
and procedures that are complex are associated with increased
morbidity and mortality as compared with minor and simple pro-
cedures. Involvement of major organs increases risk; CNS, car-
diac, and pulmonary procedures have the highest risk, followed
by the gastrointestinal tract, liver, kidney, reproductive organs,
muscles, bone, and skin. Emergency procedures are more risky
because of poorer patient status, that is, unstable or severely
compromised patients, decreased ability to prepare or stabilize
the patient, and lack of preparation by the surgical and anesthetic
team. Operating conditions refer to the physical facilities and
equipment and support personnel available. The aggressiveness
of the surgical team, experience with the procedure, and fre-
quency of performance are also important. Lastly, the duration of
the procedure and fatigue must be considered because patients
cannot be operated on indefinitely. The incidence of morbidity
and mortality increases with the duration of anesthesia and sur-
gery. Thus, efficiency of the surgical team is important in reduc-
ing risk. A related factor is fatigue.60

Anesthetic factors that can affect risk include the choice of
anesthetic drugs to be used, the anesthetic technique, and the du-
ration of anesthesia. The choice of anesthetic can adversely affect
the outcome, but more commonly the agents are not so much at
fault as the manner in which they are given. Many adverse phys-
iological effects of anesthesia and surgery are time related.
Experience of the anesthetist with the protocol is important to its
safe administration. Fatigue increases risk because it decreases
vigilance. Thus, efficiency of patient monitoring and timely
recognition and response to potentially life-threatening events
are decreased. It is worth noting that human error remains the
number one reason for anesthesia-related mishap and is a major
contributor to anesthetic risk (Table 2.10).61–71

Record Keeping and Monitoring
“For every mistake that is made for not knowing, a hundred
are made for not looking.”

Anonymous

Death of a patient from any cause is always unpleasant, but a fa-
tality during anesthesia and surgery is even more so because of
the obvious practitioner involvement. One will occasionally hear
a veterinarian state that he or she has never lost an animal be-
cause of anesthesia. This is conceivably true, though highly un-
likely if a sizable number of animals have been anesthetized.
Obviously, the criteria for anesthetic mortality in this instance
must be defined. It is human nature for a veterinarian to forget
the disagreeable and to excuse a fatality by blaming it on some-
thing over which he or she has no control. Not all deaths in the
perioperative period are anesthetic deaths. Deaths may be caused
by (a) anesthesia; (b) surgery; (c) anesthesia primarily, with only
a minor surgical contribution; (d) surgery primarily, with only a
minor anesthetic contribution; (e) the patient’s disease primarily;
or (f) indeterminate causes. Deaths related to anesthesia should
be recognized and identified. Examples of deaths that are attrib-
utable to anesthetic management are (a) death during induction,
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(b) explosion (rare at this time), (c) pulmonary aspiration, (d)
failure to secure the airway, (e) hypoxia, (f) anesthetic overdose,
(g) technical mismanagement of the anesthetic system, and (h)
maladministration of fluids and air embolism.72

As long as anesthetics are administered, the hazard of death
can never be eliminated completely; it can, however, be mini-
mized, particularly if one is willing to investigate and to learn
from mistakes. Once an anesthetic fatality has occurred, the se-
quence of the perioperative events preceding the death should be
reviewed, their significance should be evaluated, and a necropsy

should be performed to piece together its pathogenesis and etiol-
ogy. Armed with this information, the practitioner can then take
steps to prevent a recurrence of this tragedy.

Unfortunately, there is little recorded information concerning
mortality in animals anesthetized in clinical practice. This may
be because (a) busy practitioners do not have time to collect the
necessary data, (b) there is no economic gain to be derived from
such collection, or (c) there is lack of interest on the part of indi-
viduals best able to obtain these data. To obtain meaningful data
concerning anesthesia, certain information must be collected and
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Table 2.10. Mortality rate in anesthesia of various species56–72.

Mortality
Year Species Rate % Cause(s) Reference

1973 Human 01.9 Physical status of patient 62
Physician judgment

1975 Human 00.2b 63
1982 Human 00.6 64

00.01b

1990 Human 01.2 0.05% of patients died during anesthesia 65
00.05 >0.1% of patients died during the recovery period
>0.1

1973 Equine 01.18 More gastrointestinal surgeries being performed 66
1983 Equine 02.7a 67

00.8b

1993 Equine 00.68 Ischemic myopathy 60
Fracture of the cervical or long bones
Cardiac arrest

1995 Equine 01.6 Anesthesia in third trimester of pregnancy 68
00.9d (foals Emergency abdominal surgery
0 excluded) Orthopedic procedures involving internal fixation

Administration of xylazine
1998 Equine 00.63a Elective surgery 69

00.08b

1998 Equine 31.4 Cardiac arrest 70
35.5c Uncontrollable massive hemorrhage
15.3d Irreversible endotoxic shock

2000 Equine 01.9 Cardiac arrest 71
07.9c Fractures
00.9d Ischemic myopathy

Cardiovascular collapse
1977 Feline 00.3 Inaccurate body weights of animals 72

Inadequate and ineffective premedications
Inability to intubate the trachea

1990 Canine 00.23 Administration of xylazine 56
Feline 00.29

1992 Canine 00.11 Cardiopulmonary arrest 57
Feline 00.06

1994 Canine 00.43 Cardiac arrest 58
Feline 00.43

1998 Canine 00.11 Cardiac arrest 59
Feline 00.1 Cardiac arrest with xylazine administration (dogs)

aMortality attributable to anesthesia and surgery.
bMortality attributable to anesthesia only.
cAbdominal surgeries only.
dAbdominal surgeries excluded.



definite criteria established. A record must be made for each an-
imal anesthetized, with the owner’s name and the case number
written on it. Among the items that should be recorded are

1. Species, breed, age, gender, weight, and physical status of the
animal

2. Surgical procedure or other reason for anesthesia
3. Preanesthetic agents given
4. Anesthetic agents used and method of administration
5. Person administering anesthesia (veterinarian, technician,

student, or lay personnel)
6. Duration of anesthesia
7. Supportive measures
8. Difficulties encountered and methods of correction

Tabulation of these data will provide not only extensive infor-
mation on anesthesia, but also the incidence of surgical diseases
in various species, age groups, and breeds.

Moribund patients are poor anesthetic risks, and if a single
agent is used to anesthetize them, the mortality rate for this agent
may appear to be disproportionately high. When one is dis-
cussing anesthetic mortality, therefore, it is necessary to catego-
rize the physical status of a patient prior to anesthesia to assess
risk. The ASA has developed a five-division classification of
physical health and therefore anesthetic risk (Table 2.7). A mod-
ification of this classification of anesthetic risk can relate sever-
ity of patient disease to the occurrence of death. As expected, the
mortality rate increases sharply as physical status deteriorates.
There are various reasons that animals with poor physical status
undergo anesthesia. In some instances, anesthesia and surgery
are performed to secure diagnoses on animals that would likely
have died within hours. Although data are available to define
mortality based on patient disease and surgical procedure, per-
centage figures derived from large patient populations are not
necessarily applicable to individual patients or hospitals.

It is necessary that each step of anesthetic administration,
along with the patient’s response, be recorded in an anesthetic
record (Fig. 2.3). Minimally, the pulse and respiratory rate should
be monitored at 5-min intervals and charted at 10-min intervals.
Trends in these parameters thus become apparent before a pa-
tient’s condition severely deteriorates, so that remedial steps may
be taken.

The diplomates of the American College of Veterinary
Anesthesiologists (ACVA) have proposed guidelines (1994) for
anesthetic monitoring, with the intention of encouraging high-
quality care of anesthetized veterinary patients (Table 2.11). The
ACVA recognizes that some of the methods may be impractical
in certain clinical settings and that anesthetized patients can be
monitored and managed without specialized equipment. The
ACVA does not suggest that using any or all of these methods can
ensure successful patient outcome or that failure to use any or all
of these methods causes poor outcome. These suggestions are of-
fered only to assist veterinarians in determining priorities for
monitoring and record keeping during anesthesia, surgery, and re-
covery. These suggestions may be revised as warranted by devel-
oping knowledge and technology. The aspects of anesthetic man-
agement addressed by the ACVA guidelines that deserve careful

attention include patient circulation, oxygenation, and ventila-
tion. Methods of monitoring each of the physiological processes
are listed in Table 2.11 in approximate order of simplest, most
economic, and least invasive, to the most complex, expensive,
and invasive. Circulation can be assessed by palpation of periph-
eral pulse, palpation of heartbeat by chest wall, auscultation of
heartbeat (stethoscope, esophageal stethoscope, or other audible
heart monitor), use of an electrocardiogram, use of noninvasive
blood flow or blood pressure monitor (e.g., a Doppler ultrasonic
flow detector or an oscillometric flow detector), or use of an in-
vasive blood pressure monitor (an arterial catheter connected to a
transducer or aneroid manometer). Oxygenation can be assessed
by observation of mucous membrane color, pulse oximetry (non-
invasive estimation of hemoglobin saturation), oxygen analyzer
in the inspiratory limb of the breathing circuit, blood-gas analy-
sis (arterial oxygen partial pressure), or hemoximetry (measure-
ment of hemoglobin saturation in the blood). Ventilation can be
assessed with observation of chest wall movement, observation of
breathing-bag movement, auscultation of breath sounds, audible
respiratory monitor, respirometry, capnography (measurement of
carbon dioxide in end-expired gas), or blood-gas monitoring (ar-
terial carbon dioxide partial pressure).

The ACVA further recommends that an anesthetic record
should be compiled for each patient to maintain a legal record of
significant events and to enhance recognition of trends in moni-
tored parameters (Fig. 2.3). The record should include all drugs
administered, noting the dose, time, and route of administration.
Monitored parameters should be recorded regularly (at least
every 10 min) during anesthesia. Responsible individuals should
be aware of the patient status at all times during anesthesia and
recovery and be prepared to alert the veterinarian about changes
in the patient’s condition. If a veterinarian, technician, or other
responsible person cannot remain with the patient continuously,
a responsible person should check the patient’s status regularly
(at least every 5 min) during anesthesia and recovery. The re-
sponsible person may be present in the same room although not
necessarily solely occupied with the anesthetized patient (e.g.,
the surgeon may also be responsible for overseeing anesthesia).
In either of these situations, the use of audible heart and respira-
tory monitors is suggested. In the best of situations, a person,
solely dedicated to managing and caring for the anesthetized pa-
tient, remains with the patient continuously until the end of the
anesthetic period.

Insurance Claims and Anesthesia Risk
Claims presented to the American Veterinary Medical Association
Professional Liability Insurance Trust from 1976 through 1982
and from 1999 to 2003 based on anesthetic, surgical, and medical
incidents reflect changing trends in veterinary practice and owner
concern for optimal patient care (Table 2.12). It should be noted
that the percentage of anesthesia claims decreased by over 50%
for both dogs and horses from 1982 to 2003, reflecting the in-
creasing sophistication and safety of veterinary anesthesia during
the last 20 years. For more recent data on anesthetic-related
claims, the reader is referred to the American Veterinary Medical
Association Liability Insurance Trust.
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Date: Cage #:

Procedure(s):

Surgeon:

Anesthetist:

Preanesthetic Values Animal Status

PATIENT INFORMATION
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Temp PCV TP Weight
( kg / lb )

Hydration
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Drug Dose Route Time Drug Dose Route Time 1 2 3 4 5 E

PAIN Evaluation:   No Pain I---------------------------------------------------------------------------------------I Worst Pain

PAIN Evaluation Post-Op:   No Pain I---------------------------------------------------------------------------------------I Worst Pain

Time       00 15 30 45 00 15 30 45 00 15 30 45

Anesthesia 5.0
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_  Isoflurane 3.0
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_  Sevoflurane 2.0
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_  Other 1.0V
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O 2  Flow (L/min)

A   Anesthesia 200

O   Surgery 180

D   Drape 160

R   Recovery 140

120

  Pulse 100

o   Respirations 80

∨   Systolic 60

∧   Diastolic 40

-    Mean 30

∗  SpO 2 20

Δ  PCO2 10

τ  Temp 0

Fluids type__________  mL

Total fluids__________  Extubation Time ________   Sternal Time ________  Temperature 98°F Time ________

Comments:

ANESTHETIC  RECORD

CODES

SYMBOLS

Fig. 2.3. Example anesthetic record. The anesthetic record provides written documentation of the anesthetic drugs and techniques used to
produce general anesthesia and suggests methods for monitoring the patient throughout anesthesia. The patient’s physical status and pain
should be assessed before and after any procedure. Other drugs, fluids, surgical and medical techniques, and the personnel involved should
be recorded.



Aftercare
Although in most instances recovery from anesthesia is unevent-
ful, patients should be kept under observation during the recov-
ery period to prevent untoward sequelae. In animal hospitals and
laboratory-animal facilities, it is wise to have a recovery room for
this purpose, because all of the necessary equipment, drugs, and
materials can be kept in one place, and it is less difficult to ob-
serve several animals. In some instances, the prep room may also
serve as the recovery room; alternatively, recovery and intensive

care functions may be combined. Such facilities should be con-
veniently located for nursing staff.

Small Animals
Following removal from the operating room, the animal should
be placed in its cage in lateral recumbency.

While the animal remains unconscious or immobile, monitor-
ing deemed necessary in the operating room should be continued.
In any case, vital signs should be recorded at 10-min intervals
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Table 2.11. American College of Veterinary Anesthesiologists’ suggestions for monitoring.

Circulation
Objective: to ensure that blood flow to tissues is adequate
Methods:
1. Palpation of peripheral pulse
2. Palpation of heartbeat through the chest wall
3. Auscultation of heartbeat (stethoscope, esophageal stethoscope, or other audible heart monitor)
4. Electrocardiogram (continuous display)
5. Noninvasive blood flow or blood pressure monitor (e.g., Doppler ultrasonic flow detector or oscillometric flow detector)
6. Invasive blood pressure monitor (arterial catheter connected to transducer/oscilloscope or to anaeroid manometer)

Oxygenation
Objective: to ensure adequate oxygen concentration in the patient’s arterial blood
Methods:
1. Observation of mucous membrane color
2. Pulse oximetry (noninvasive estimation of hemoglobin saturation)
3. Oxygen analyzer in the inspiratory limb of the breathing circuit
4. Blood-gas analysis (arterial oxygen partial pressure)
5. Hemoximetry (measurement of hemoglobin saturation in the blood)

Ventilation
Objective: to maintain a legal record of significant events and to enhance recognition of trends in monitored parameters
Methods:
1. Observation of chest wall movement
2. Observation of breathing-bag movement
3. Auscultation of breath sounds
4. Audible respiratory monitor
5. Respirometry (measurement of tidal volume ± minute volume)
6. Capnography (measurement of carbon dioxide in end-expired gas)
7. Blood-gas monitoring (arterial carbon dioxide partial pressure)

Anesthetic Record
Objective: to maintain a legal record of significant events and to enhance recognition of trends in monitored parameters
Methods:
1. Record all drugs administered to each patient, noting the dose, time, and route of administration
2. Record monitored parameters (minimum: heart rate, respiratory rate) regularly (minimum: every 10 min) during anesthesia

Personnel
Objective: to ensure that a responsible individual is aware of the patient’s status at all times during anesthesia and recovery, and is pre-
pared either to intervene when indicated or to alert the veterinarian in charge about changes in the patient’s condition
Methods:
1. If a veterinarian, technician, or other responsible person cannot remain with the patient continuously, a responsible person should

check the patient’s status regularly (at least every 5 min)
2. A responsible person may be present in the same room, although not necessarily solely occupied with the anesthetized patient (e.g.,

the surgeon may also be responsible for overseeing anesthesia)
3. In either of the foregoing situations, the use of audible heart and respiratory monitors is suggested
4. A responsible person, solely dedicated to managing and caring for the anesthetized patient during anesthesia, remains with the patient

continuously until the end of the anesthetic period



until the animal regains consciousness. Continued supervision is
especially important until extubation and the return of coughing
and swallowing reflexes. A blanket, pad, or even newspaper
should be placed under and over the patient to conserve body heat.
In very small or newborn animals, the ambient temperature should
approximate body temperature. Incubators designed for babies are
helpful in maintaining body temperature and are used routinely in
many laboratories where birds, rodents, and primates are anes-
thetized. In newborn pigs, an environmental temperature of 90°F
has been found desirable. Otherwise, shivering occurs with in-
creased oxygen and energy requirements, and hypoglycemia may
result. During recovery, birds should be housed at 100°F; mice,
hamsters, and small primates at 95°F; rats, guinea pigs, and rab-
bits at 90°F; and cats, dogs, and similar carnivores at 77° to 86°F.7

Depending on environmental temperatures, heat lamps, heating
pads, or warm-water blankets may be required. If fluid therapy is
used, fluids should be warmed to body temperature.

During recovery, the patient’s tongue should be pulled forward
to preclude its blocking the pharynx. In brachycephalic breeds or
in animals in which respiratory function is compromised, an en-
dotracheal tube should remain in place until upper-airway re-
flexes and jaw movements return. In such animals, sternal recum-
bency, if practical, is preferred. Care is necessary to assure
freedom of the airway from blankets or paper. The water pan
should always be removed from the cage to prevent accidental
drowning in the event a semiconscious patient should place its
nose and mouth or endotracheal catheter in the container. Food
and water may be offered as soon as a patient can stand.

Predisposition to postoperative respiratory failure may result
from continuing drug-induced respiratory depression, postextu-
bation spasm or glottic edema, other respiratory obstructions,
diffusion hypoxia, mechanical splinting associated with pain
and/or dressings, and persistent hypoventilation and/or atelecta-
sis during anesthesia. Careful evaluation of respiration during the
immediate postanesthetic period is therefore essential. If hy-
poventilation is identified, predisposing causes should be cor-
rected and, if necessary, supportive respiratory therapy should be
initiated. Since postoperative hypotension may be caused by a

persistent drug effect, hemorrhage, and inadequate volume, ade-
quacy of cardiovascular function should also be carefully and
frequently evaluated.

Under no circumstances should an anesthetized animal be
placed in the same cage with a conscious one, because the former
cannot protect itself. Cannibalism has been known to occur (e.g.,
among pigs and rats), particularly where the anesthetized patient
had an open wound!

When preanesthetic sedation has not been used, animals may
thrash and struggle, bruising themselves severely and even
breaking teeth during the recovery period. Coursing breeds, such
as greyhounds, Russian wolfhounds, and Afghans, are particu-
larly prone to this phenomenon. The judicious use of tranquiliz-
ers or opioids in small doses quiets animals in this condition.
Plastic-covered sponge-rubber mats or other suitable pads in re-
covery cages also afford protection.

After administration of large doses of barbiturates, some ani-
mals will have a prolonged recovery period. Special attention
must be given these animals to prevent hypostatic congestion and
subsequent pneumonia. They should, of course, be kept warm
and turned frequently. In addition, prophylactic antibiotic ther-
apy may be desirable and a protective ophthalmic ointment
placed in the eyes to prevent corneal drying. Intravenous elec-
trolyte solutions in moderate amounts prevent dehydration.

Constrictive bandaging of the head or throat must be avoided
because of the danger of asphyxiation. Occasionally, cats that
have been tightly bandaged around the abdomen show evidence
of posterior paralysis on recovery. This condition is apparently
caused by decreased circulation to the hindquarters. Removal of
the bandage may quickly resolve paralysis.

It is unwise to send anesthetized animals home, because own-
ers generally cannot cope with any unusual situation that may
arise. In addition, the owners may become alarmed by the signs
of their animal’s approaching consciousness and may demand
service unnecessarily.

Large Animals
Like smaller animals, large animals should be removed to a recov-
ery room (stall). The room should be padded to minimize injury
during emergence from the anesthetic and recovery of righting re-
flexes. Availability of oxygen and suction is essential. If a padded
floor and pads are unavailable and bedding material such as straw
must be used, this should be covered with a tarpaulin so that it is
kept clear of the external nares or end of the endotracheal tube and
the eyes. Using pads beneath the head and limbs is essential. In
horses especially, bony prominences must be protected from abra-
sion. It is an excellent practice to bandage and pad all limbs prior to
anesthesia and to keep these protections in place until recovery is
complete. A horse’s head is especially subject to trauma during re-
covery, with resulting abrasions, edema, and even facial paralysis. It
should therefore be protected with a pad or a padded hood. Halters
or headstalls should be used when necessary and should be padded.

Whenever possible, horses should be allowed to lie quietly in
a darkened environment neither restrained nor disturbed. The
possibility of emergence struggling and of attempts to stand be-
fore coordination is fully recovered is thus less likely. If an endo-
tracheal tube has been used, it should remain in situ until the re-
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Table 2.12. Trends in claims involving anesthesia, surgery, and
medicine presented to the American Veterinary Medical Association
(AVMA) Professional Liability Insurance Trust.

Total No. Anesthesia Surgery Medicine
Species of Claims (%) (%) (%)

1976 to 1982
Dogs 1225 13.1 42.5 44.4
Cats 216 6.5 45.8 47.7
Horses 542 13.8 41.7 44.5
Cattle 436 3.9 44.2 51.8
1999 to 2003
Dogs 6892 5.1 40.7 41.8
Cats 2135 7.0 40.7 42.2
Horses 1521 4.5 37.2 42.3
Cattle 727 2.1 52.4 29.3

Courtesy of the AVMA Professional Liability Insurance Trust, Chicago, Illinois.



turn of upper-airway and swallowing reflexes necessitates its re-
moval. Food and water should be removed from the stall until re-
covery is complete. If straw or other bedding material is used, the
animal is observed to prevent it from eating. When eye reflexes
have fully returned, and nystagmus is absent, horses are usually
able to stand. While animals attempt to rise, a steady influence
exerted by the handlers in holding up the head and in upward
traction on the tail may be helpful.

Some horses, despite preanesthetic sedation, struggle during re-
covery from anesthesia. Additional sedation or manual restraint
may be required. A tail rope or a halter to restrain the head and neck
is usually sufficient. Alternatively, a sedative (e.g., xylazine) may
be administered. Control by medication is preferable, although re-
covery may be prolonged with large doses. Small amounts of xy-
lazine (100 mg per 1000-pound horse) have proved useful in alle-
viating pain and calming recovery without unduly lengthening it.
Some veterinarians restrain a horse either on the operating table or
by ropes and hobbles until they judge the animal is able to stand.
Such a practice predisposes animals to struggling and injuries.

When recovery rooms are not available, it may be necessary to
permit recovery in the operating room. Operating rooms having
a padded floor, or a padded floor with table that lowers to floor
level, are suitable. Restraint with straps on the operating table
until recovery is complete is undesirable, especially for horses;
struggling is likely, and abrasions and nerve injuries are com-
mon. Rupture of the colon has been attributed to such restraint in
several instances. If a cart is available to transport the animal, a
grassy plot is a desirable location for recovery.

Ruminants are handled in a manner similar to that used for
horses. Struggling and resulting trauma are usually not problems.
Instead, it is necessary to minimize possible regurgitation and as-
piration of rumen contents, and ruminal tympany. The endotra-
cheal tube with cuff inflated should therefore remain in position
as long as possible. Use of a speculum to prevent damage to, or
constriction of, the tube is helpful. During recovery, ruminants
should be placed in sternal recumbency. If their flexed limbs are
abducted slightly, the animals can usually be propped in this po-
sition. Padded bolsters, other supports, or even bales of hay can
be used to assist in maintaining this position. The head should be
down and extended and the end of the endotracheal tube unob-
structed. When anterior epidural anesthesia has been used, the
hind legs should be hobbled to a degree sufficient to prevent ab-
duction until muscle control is regained.

Recovering large animals should be protected from tempera-
ture extremes. In the absence of heating or air conditioning, the
use of blankets, heaters, or fans may be necessary. If an outside
recovery area is used, animals should be shaded from direct sun-
light in hot weather and blanketed in cold weather. When recov-
ery is prolonged, animals should be turned frequently, and
warmed fluids should be administered intravenously. Vital signs
should be continually and routinely monitored until the return of
coughing, swallowing, and righting reflexes.
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Introduction
The prevention and control of pain are central to the practice of
anesthesia. It is essential that anesthetists have an understanding
of the physiological processes leading to the perception of pain
and the responses of patients to this process. Ultimately, anes-
thetic patient management is the control of pain and maintenance
of homeostasis in the face of noxious stimuli. The perioperative
analgesic protocol has an impact on patient well-being that often
extends far beyond the immediate anesthetic period. Appropriate
pain management is not only integral to an anesthetic plan; it is
a fundamental component of good medical practice.

In human medicine, several organizations are dedicated to im-
proving the understanding and treatment of acute and chronic pain.
Despite the efforts of these organizations, it has taken an inordinate
amount of time for the human medical profession to accept that
pain is a matter to be taken seriously. A landmark paper by Marks
and Sachar1 exposed both the indifference of physicians to the pain
of terminally ill people and the knowledge deficits of medical pro-
fessionals about effective pain control. Unfortunately, it is still
commonplace for physicians to be considered the individuals that
effect a cure, while nurses care for patients and try to alleviate pain

and suffering. The fact that many physicians and institutions have
ignored the importance of patient pain has not been lost on the
public or regulatory agencies, prompting the Joint Commission on
Accreditation of Healthcare Organizations (JCAHO) to mandate in
the year 2000 that human hospitals elevate pain to the fifth vital
sign (along with temperature, pulse, respiration, and blood pres-
sure). The new requirements for assessing and controlling pain in
people assert that “appropriate pain management is good medicine
because it results in quicker clinical recovery, shorter hospital
stays, fewer readmissions, and improved quality of life, leading to
increased productivity.”2 Thirty years have passed since Marks and
Sachar put in print what ordinary people already knew: Despite all
of our resources and the modern technology devoted to medical
care, attention to pain management and patient comfort fell short
of the mark. It took almost 30 years for JCAHO to finally regulate
the delivery of appropriate pain management care.

The similarities between human and veterinary medicine are
impressive. Numerous dedicated individuals over the last several
decades have worked to improve our understanding and treat-
ment of animal pain, yet the paradigm shift to comprehensive and
effective perioperative analgesia has been slow. Lloyd Davis3 had
exposed the myth approximately 35 years ago that opioids could
not be given to cats, yet it is still relatively common to hear that
opioids will induce mania in cats. Bernie Rollin, 25 years ago,
established the moral imperative to minimize and treat pain in re-
search animals and has been speaking and writing about the issue
ever since.4 In what may be considered a watershed paper,
Hansen and Hardie5 blew the whistle on academic veterinary
practice, much as Marks and Sachar did, by exposing the lack of
provision of effective analgesics to dogs and cats that had under-
gone major surgical procedures. Several surveys from within the
veterinary profession indicate that pain management is improv-
ing, but is far from ideal.6–10 In 2003, the American Animal
Hospital Association (AAHA) followed JCAHO’s initiative and
elevated pain to the fourth vital sign in animals (in addition to
temperature, pulse, and respiration). Although the AAHA is a
voluntary organization of small animal veterinary hospitals, the
actions taken to improve the recognition and treatment of pain
are a watershed in veterinary medicine. These 11 AAHA stan-
dards emphasize patient evaluation, appropriate treatment, and
effective communication with clients about the degree of patient
pain and discomfort, treatment options, and possible side effects.
Pain is easy to overlook in animals; thus, efforts to increase our
vigilance to assessing, preventing, and alleviating pain will serve
to improve the quality of care that can be delivered to animals.
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The Definition of Pain
Pain is an unpleasant sensory and emotional experience (percep-
tion) associated with actual or potential tissue damage or is de-
scribed in terms of such damage. The inability to communicate
in no way negates the possibility that an individual is experienc-
ing pain and is in need of appropriate pain relieving treatment.

Pain arises from the activation of a discrete set of receptors and
neural pathways by noxious stimuli that are actually or poten-
tially damaging to tissues. Pain is a conscious awareness of acute
or chronic discomfort occurring in varying degrees of severity re-
sulting from injury, disease, or emotional distress as evidenced by
biological or behavioral changes or both. It is a subjective expe-
rience accompanied by feelings of fear, anxiety, and panic. Pain
elicits protective motor actions, results in learned avoidance, and
may modify species-specific traits of behavior, including social
behavior.11,12 Acute pain is the result of a traumatic, surgical, or
infectious event that begins abruptly and is relatively brief. It is
generally alleviated by analgesic drugs. Chronic pain is pain that
persists beyond the usual course of an acute disease or beyond a
reasonable time for an injury to heal, or that is associated with a
chronic pathological process that persists or recurs for months or
years (e.g., osteoarthritis). Chronic pain is seldom permanently
alleviated by analgesics, but may respond to a combination of
analgesics, tranquilizers or psychotropic drugs, physical therapy,
environmental manipulation, and behavioral conditioning. Acute
pain is a symptom of disease, whereas chronic pain, in and of it-
self, is a disease.13 Acute pain has a biological function in that it
serves as a warning that something is wrong and leads to protec-
tive behavioral changes. Chronic pain does not serve a biological
function and imposes severe detrimental stresses. Because pain is
a perception, it is always subjective.

In people, pain experience has three dimensions—sensory-
discriminative, motivational-affective, and cognitive-evaluative—
which are subserved by physiologically distinct systems.14,15 The
sensory-discriminative dimension provides information on the
onset, location, intensity, type, and duration of the pain-inducing
stimulus. This aspect is subserved primarily by the lateral as-
cending nociceptive tracts, thalamus, and somatosensory cortex.
The motivational-affective dimension disturbs the feeling of
well-being of the individual, resulting in the unpleasant experi-
ence of pain and suffering, and triggers the organism into action.
This dimension is closely linked to the autonomic nervous sys-
tem, and cardiovascular, respiratory, and gastrointestinal re-
sponses are associated with it (although these can also occur re-
flexly). This dimension is subserved by the medial ascending
nociceptive tracts and their input into the limbic system. The
cognitive-evaluative dimension encompasses the effects of prior
experience, social and cultural values, anxiety, attention, and
conditioning. These activities are largely caused by cortical ac-
tivity, although cortical activation is dependent on reticular activ-
ity. The cognitive-evaluative dimension of the pain experience in
lower mammals may be the only one that differs significantly
from that in people. To discuss pain physiology and its manage-
ment requires a review of the definitions commonly used to de-
scribe this perception.

Definitions
Agology. The science and study of pain phenomena.
Allodynia. Pain caused by a stimulus that does not normally pro-

voke pain.
Analgesia. The absence of pain in the presence of stimuli that

would normally be painful.
Analgesics. Drugs that produce analgesia.
Anesthesia. The absence of all sensory modalities.
Anesthetics. Drugs that induce regional anesthesia (i.e., in one

part of the body) or general anesthesia (i.e., unconsciousness).
Cancer pain. Pain that is caused by primary tumor growth,

metastatic disease, or the toxic effects of chemotherapy and ra-
diation, such as neuropathies caused by neurotoxic antineo-
plastic drugs.16

Causalgia. A syndrome of prolonged burning pain, allodynia,
and hyperpathia after a traumatic nerve lesion, often combined
with vasomotor and sudomotor (sweating) dysfunction and
later trophic changes.

Central pain. Pain associated with a lesion of the central nervous
system.

Chronic pain. Pain that persists for longer than the expected time
frame for healing or pain associated with progressive nonma-
lignant disease (such as osteoarthritis).16

Deafferentation pain. Pain caused by loss of sensory input into
the central nervous system, as occurs with avulsion of the
brachial plexus or other types of peripheral nerve lesions, or
caused by pathology of the central nervous system.

Dermatome. The sensory segmental supply to skin and subcuta-
neous tissue.

Distress. The external expression through emotion or behavior (i.e.,
fear, anxiety, hyperactivity, or aggression) of suffering.17–19

Dysesthesia. An unpleasant abnormal sensation, whether sponta-
neous or evoked.

Hyperalgesia. An increased response to a stimulation that is nor-
mally painful.

Hyperesthesia. An increased sensitivity to stimulation, excluding
special senses.

Hypoalgesia. A diminished sensitivity to noxious stimulation.
Hypoesthesia. A diminished sensitivity to stimulation, excluding

special senses.
Inflammatory pain. Spontaneous pain and hypersensitivity to

pain in response to tissue damage and inflammation.20

Neuralgia. Pain in the distribution pathway of a nerve or nerves.
Neuritis. An inflammation of a nerve or nerves.
Neuropathic pain. Spontaneous pain and hypersensitivity to pain

in association with damage to or a lesion of the nervous
system.20

Neuropathy. A disturbance of function or a pathological change
in a nerve.

Nociception. The reception, conduction, and central nervous pro-
cessing of nerve signals generated by the stimulation of noci-
ceptors. It is the physiological process that when carried to
completion results in the conscious perception of pain.

Nociceptive pain. Transient pain in response to noxious stimuli.20

Nociceptor. A receptor preferentially sensitive to a noxious stim-
ulus or to a stimulus that would become noxious if prolonged.
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Nociceptor threshold. The minimum strength of stimulus that
will cause a nociceptor to generate a nerve impulse.

Noxious stimulus. One that is actually or potentially damaging to
body tissue. It is one of intensity and quality that are adequate
to trigger nociceptive reactions in an animal, including pain in
people.

Pain (detection) threshold. The least experience of pain that an
individual can recognize. The point at which an individual just
begins to feel pain when a noxious stimulus is being applied in
an ascending trial or the point at which pain disappears in a de-
scending trial. The pain-detection threshold is relatively con-
stant among individuals and species. In most cases, it is higher
than the nociceptor threshold.

Pain tolerance. The greatest level of pain that an individual will
tolerate. Pain tolerance varies considerably among individuals,
both human and animal. It is influenced greatly by the individ-
ual’s prior experience, environment, stress, and drugs.

Pain-tolerance range. The arithmetic difference between the
pain-detection threshold and the pain-tolerance threshold.

Paresthesia. An abnormal sensation, whether spontaneous or
evoked. Paresthesias are not painful (as opposed to dysesthesias).

Radiculalgia. Pain along the distribution of one or more sensory
nerve roots.

Radiculitis. An inflammation of one or more nerve roots.
Radiculopathy. A disturbance of function or pathological change

in one or more nerve roots.
Reactions. A combination of reflexes designed to produce wide-

spread movement in relation to the application of a stimulus.
Reactions are mass reflexes not under voluntary control and
therefore do not involve the cerebral cortex.

Reflexes. Involuntary, purposeful, and orderly responses to a
stimulus. The anatomical basis for the reflex arc consists of a
receptor, a primary afferent nerve fiber associated with the re-
ceptor, a region of integration in the spinal cord or brain stem
(synapses), and a lower motor neuron leading to an effector
organ such as skeletal muscles (somatic reflexes), smooth
muscles, or glands (visceral reflexes).

Responses. Willful movement of the body or parts of the body. A
response cannot occur without involvement of the somatosen-
sory cerebral cortex. A decerebrate animal can give a reaction
but not a response. Reflexes and reactions may or may not be
perception linked (i.e., the stimulus perceived as painful).
Because responses require a functioning somatosensory cor-
tex, the initiating stimulus must first be perceived.

Somatic. Usually used to describe input from body tissues other
than viscera.

Suffering. An unpleasant emotional state that is internalized and
not expressed outwardly. It is described as an undesirable
mental state or as an unpleasant emotion that people or ani-
mals would normally prefer to avoid. Suffering can refer to a
wide range of intense and unpleasant subjective states, such as
fear and frustration. It can be of either physical or psycholog-
ical origin. Suffering can be provoked by pain or by pain-free
non–tissue-damaging external stimuli such as denial of the ful-
fillment of an animal’s natural instincts or needs, such as ma-
ternal deprivation, social contacts, and so on.

Neuroanatomy of Nociceptive
Pathways
Nociceptors and Stimuli
Nociception is the reception of signals from activation of noci-
ceptors, which are receptors that detect tissue-damaging (nox-
ious) stimuli. Pain implies that noxious stimuli have been per-
ceived at the cortical level. Activating stimuli for nociceptors can
include mechanical, thermal, or chemical stimuli. Some nocicep-
tors respond only to one of these modalities, whereas others are
sensitive to a variety of them (polymodal nociceptors). Nocicep-
tors are naked (nonencapsulated) nerve endings, widely distrib-
uted in skin and deep tissues. These represent the peripheral ter-
mini of nociceptive primary afferent neurons that possess lightly
or unmyelinated, small-diameter axons. Activation of fast-
conducting (5 to 30 m/s), A-� fibers are associated with sharp,
pricking pain (as reported by humans). Slow-conducting (0.5 to
2.0 m/s), unmyelinated C fibers are associated with a slower,
burning type of pain.21–23 Both types of nociceptive fibers inner-
vate the skin (superficial pain) and deep somatic or visceral struc-
tures (deep pain). The distinction between superficial and deep
pain is not just an arbitrary one based on “outside” and “inside.”
Each is associated with an anatomically and functionally segre-
gated central pain pathway; they are differentially susceptible to
injury, and they are examined separately in a neurological exam.

Pain research has revealed the presence of a particular func-
tional type of nociceptor referred to as a silent nociceptor.24–26

The high threshold of this nerve ending ensures that under nor-
mal circumstances it is relatively insensitive to any stimuli.
Following release of tissue-inflammatory mediators, however,
the threshold is markedly reduced, and these previously silent
nociceptors can be activated by a variety of thermal and mechan-
ical stimuli. The presence of silent nociceptors is one mechanism
by which inflammation produces primary hyperalgesia.

Divergence in Nociceptive Pathways
In addition to the connections of ascending nociceptive pathways
with somatosensory cortex for conscious perception, pain path-
ways exhibit variable degrees of connectivity with a number of
subcortical regions of the brain and through these connections
elicit a variety of nonconscious responses.21,26–29

A behaviorally important aspect of nociception (and other sen-
sory modalities) is the degree to which it affects mental alertness.
This relationship between sensation and consciousness is orches-
trated in the reticular formation (RF), a loose aggregate of nuclei
in the central core of the brain stem, extending from dien-
cephalon through medulla oblongata. Functions of the RF in-
clude regulation of heart and respiratory rates, selective attention
to stimuli, and maintenance of consciousness and cortical alert-
ness. The RF is critical to the regulation of the level of conscious-
ness through its rostral projections to the diencephalon, which, in
turn, diffusely excites the cerebral cortex. The RF receives input
from all afferent pathways, although the degree to which these
connections are made is variable, depending on the pathway.
Stimuli—but most especially noxious stimuli—increase alert-
ness and autonomic functions, such as heart and respiratory rates.
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Nociceptive information is simultaneously directed to the hy-
pothalamus, which is the brain’s coordinator of elaborate auto-
nomic responses and the primary integrator of physiological and
emotional responses. Input from nociceptive pathways to the hy-
pothalamus produces activity in the sympathetic nervous system
and the pituitary gland and thus increases circulating epineph-
rine/norepinephrine and glucocorticoids. The catabolic and other
endocrinologic manifestations of this activation can have nega-
tive effects on health.

Both the hypothalamus and the RF have projections to other
parts of the so-called limbic system, a group of cortical and sub-
cortical regions that produce the behavioral, cognitive, and phys-
iological changes that people describe as emotions. Comments
on the role of emotion in pain responses are presented below.

Nociceptive pathways send collateral projections to the mesen-
cephalon (midbrain). One set of nuclear targets in the midbrain
consist of motor neurons that coordinate orienting movements of
the head and eyes toward the noxious stimulus (the visual grasp
reflex. Other neurons that form the periaqueductal grey matter of
the midbrain activate important descending pain modulatory
systems.

Nociception: Ascending Spinal
Pathways
Multiple nociceptive pathways that have been described in the
spinal cord of domestic animals are present in all funiculi of the
cord and with a confusing degree of overlap in their functions.
None of these pathways are exclusive for transmission of noci-
ception (all have fibers conducting tactile information). For clin-
ical purposes, only two need be understood fully: the spinocervi-
cothalamic and spinoreticular tracts.

The spinocervicothalamic tract is concerned with the trans-
mission of superficial pain and tactile sensations and is regarded
as the primary conscious pain pathway in carnivores.30,31 The
primary afferents of this pathway synapse in the dorsal horn,
from which secondary afferents then mediate local reflexes and
project craniad in an ipsilateral tract in the dorsal part of the lat-
eral funiculus. The axons in this tract ascend to spinal cord seg-
ments C1 and C2, where they synapse in the lateral cervical nu-
cleus (Fig. 3.1). The fibers arising from this nucleus will then
decussate and project through the brain stem to the thalamus.
Some collaterals of the ascending fibers will terminate in the RF.
From the thalamus, fibers project to the somatosensory cortex.

The sensations transmitted by the spinocervicothalamic tract
are touch and superficial pain. This pathway is discriminative in
that the location of the painful stimulus can be precisely deter-
mined by the animal, which is a quality linked to the high degree
of somatotopy exhibited by this pathway. Clinically, function of
the spinocervicothalamic tract is tested by lightly pinching the
skin with fingers or a mosquito hemostat. This stimulus is ap-
plied lightly and briefly so as to activate the spinocervicothalamic
pathway preferentially.

The spinoreticular tract is primarily concerned with transmis-
sion of deep-pain and visceral sensations.22,32,33 The primary af-
ferents of this pathway enter the cord and immediately diverge to

send collaterals several segments rostral and caudal to the seg-
ment of entry. This spreading of information across several spinal
cord segments enables these afferents to participate in interseg-
mental reflexes (various manifestations of withdrawal and pos-
tural reflexes in response to painful stimuli). Second-order neu-
rons are found in the dorsal horn. Axons of projection neurons in
this system are present diffusely in the lateral and ventral funi-
culi. These projections are bilateral; decussation of axons in this
system occurs diffusely throughout the long axis of the spinal
cord (Fig. 3.2).

Most ascending projections of the spinoreticular tract that
reach the brain stem do not project directly to the thalamus;
rather, they terminate in the RF. Therefore most deep pain that is
consciously perceived arrives at the cortex via diffuse reticular
projections to the thalamus. Activation of this pathway increases
arousal and activates the limbic system, a connection that in hu-
mans is associated with emotional responses to pain. There is
ample reason to believe that animals, too, experience emotional
aspects of pain. As a consequence of the multisynaptic and dif-
fuse nature of this pathway, somatotopy is not well defined, and
sensations brought to consciousness by the spinoreticular tract
are poorly localized: that is, the animal experiences pain and
arousal, but cannot readily pinpoint the source.
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Visceral pain is particularly poorly localized (see the later
comments on referred pain). Visceral afferent fibers travel in
sympathetic nerves, have large overlapping receptor fields, and
respond primarily to stretch, ischemia, dilation, or spasm (direct
trauma to viscera—including surgical trauma—is a surprisingly
ineffective stimulus for nociceptors).22,34,35 Whereas in somatic
structures the ratio of A-� to C fibers is about 1:2, that ratio in
viscera is about 1:10.35 By extension, then, pain of visceral ori-
gin tends to be dull, aching, or burning. Primary afferents from
viscera follow autonomic nerves (e.g., the vagus and sympathetic
nerves) to the central nervous system (CNS).

The deep-pain pathway is tested in the neurological examina-
tion by application of a hemostats across the base of a toenail
(taking care to exclude skin), a manipulation that stimulates no-
ciceptors in the periosteum of the third phalanx.

Trigeminal System
For the head, nociception and tactile information are transmitted
by the trigeminal system.29,36 Cell bodies of primary afferent
fibers reside within the trigeminal (semilunar) ganglion. Their
central processes enter the pons with the trigeminal nerve and
course caudal along the lateral surface of the medulla (Fig 3.3).
A nuclear column lies medial to the spinal tract throughout its

length. At its rostral extent in the pons, this group of cell bodies
comprises the pontine sensory nucleus. More caudally, the col-
umn is known as the spinal nucleus of V. The pontine and spinal
nuclei of V contain somata of the second-order neurons in this
system. There is a rostral-to-caudal segregation of function in
these nuclei; the pontine nucleus is primarily concerned with dis-
criminative tactile and proprioceptive stimuli, and the rostral part
of the spinal nucleus of V sends somatosensory information to
the cerebellum. The majority of neurons in the spinal nucleus of
V, however, are concerned with nociception. Many of these will
project to motor nuclei of cranial nerves to participate in reflex
arcs (e.g., corneal and palpebral reflexes), and many more will
project to the RF to affect autonomic responses and increase
arousal. Fibers for conscious perception, however, cross the mid-
line of the medulla diffusely and join the contralateral quintothal-
amic tract, adjacent to the medial lemniscus. The quintothalamic
(aka trigeminal lemniscus) tract projects to the thalamus, and,
from there, nociceptive information reaches the somatosensory
cortex via the internal capsule.

Nociception: Concepts and Perception
(Pain)
Human pain has been described as having three facets, each re-
flecting the different targets of this sensory information.37 The
sensory-discriminative aspect of pain is concerned with identify-
ing its onset, location, intensity, and character, and is primarily a
function of the somesthetic cortex. Behavioral, emotional, and
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autonomic responses constitute the motivational-affective facet
of nociception, and arise in large measure from the connections
nociceptive pathways make with the RF, hypothalamus, and the
limbic system. Finally, responses to nociception that are a result
of experience, attention, and cultural conditioning are described
as cognitive-evaluative. These responses are generated by higher
cortical functions (awareness, memory, and reasoning).

Painful stimuli are not emotionally neutral events. There is,
after all, adaptive value in having an aversion to noxious stimuli;
the strong connections of pain pathways to the limbic system en-
sure that the organism (whether human or animal) will have a
negative emotional reaction to pain, which is a feature that is re-
ferred to as the affective component of pain. This may seem
oddly obvious to normally functioning organisms like veterinar-
ians—pain hurts, after all, so why wouldn’t you want to avoid it?
Reflect for a moment on the myriad of other stimuli constantly
made available to the conscious brain; the majority of sensory ex-
periences are emotionally neutral. Feel the surface of this paper:
Your fingers relay a vast amount of sensory information, but un-
less you give yourself a paper cut (a noxious stimulus) or have
developed a fetish for paper (resulting in pleasurable feelings as
a result of learned associations), you don’t have an emotional re-
sponse to this sensation.

Pain hurts, then, because the nociceptive pathways make con-
nections to the limbic system, which assigns an emotional value
to it. There are, in fact, documented human cases where brain in-
jury interrupts this valuation process; these patients can feel pain,
can identify it, its character, and location accurately, and yet feel
no aversion to the stimulus (an extraordinary condition called
asymbolia for pain).

Suffering is the state of emotional distress associated with
events that threaten an organism. Pain need not be the only cause
of suffering, although it is probably safe to say that it is the pri-
mary one in nonhuman animals. It has been stated that animals
do not suffer, because they cannot generate the same anticipation
of pain and its outcome. Although the ability to anticipate a
painful event and put it in a complex context (i.e., How bad is this
going to hurt? How long will it hurt? Am I going to die? Who’s
going to take care of my family?) probably is limited in domes-
tic animals, this ability very likely is only partly responsible for
the emotional state people associate with suffering. Anticipation
is really a feature of the cognitive-evaluative aspect of pain. That
this aspect is not well developed in animals is probably defensi-
ble on a purely anatomical basis. However, suffering is clearly an
emotional state. It is probably therefore firmly rooted in the con-
nections between nociceptive pathways and the limbic system,
the generator of behavior and emotion. Suffering is a part of the
motivational-affective facet of nociception, and there is ample
neuroanatomical evidence that the connections between nocicep-
tive pathways and the limbic system are at least as well devel-
oped in animals as in people.

Pain Modulation
There is a tendency to conceive of somatosensory pathways as
electrical circuits that respond to stimuli in predictable ways and

that consistently produce a sensory perception that is a faithful
recording of the stimulus in the periphery. This is a useful model,
of course, but it grossly oversimplifies the actual condition,
wherein activity in the CNS can modulate somatosensory pro-
cessing. This ability to alter activity in sensory systems is espe-
cially well developed in nociceptive pathways. The ability of a
given stimulus to produce a perception of pain is a highly labile
property and can be modified in the periphery, in the spinal cord,
in the brain stem, and in higher centers.

Modulation in the Periphery (Nociceptors)
Nociceptor threshold is not a constant. As was described above,
the presence of so-called silent nociceptors is one example of
how conditions in the cellular environment of the naked nerve
ending can change the sensitivity of the receptor to stimulus. The
high threshold of silent nociceptors ensures that, under normal
circumstances, they are relatively insensitive to any stimuli, but,
on exposure to inflammatory mediators, this threshold is
markedly reduced, and previously silent nociceptors can be acti-
vated.24–26

Similarly, many inflammatory mediators (e.g., prostaglandins
and leukotrienes), collectively referred to as nociceptor sensitiz-
ers, will lower the threshold of other populations of nocicep-
tors.24,38,39 Thus, in damaged or inflamed tissue, stimuli that
would normally be subthreshold may produce activity in noci-
ceptive afferents. Likewise, certain inflammatory mediators (e.g.,
bradykinin and serotonin) or substances released by damaged
cells (e.g., potassium ions and adenosine triphosphate) directly
stimulate nociceptors and can thus be considered nociceptor ac-
tivators. Interestingly, stimulated free-nerve endings can release
substances directly into the surrounding tissues. Notable among
these is substance P. Substance P (which is also an important
neurotransmitter in central nociceptive pathways) dilates blood
vessels and degranulates mast cells, both of which contribute to
inflammation and increased sensitization of local nociceptors.
All of these events contribute to the development of primary hy-
peralgesia (resulting from the increased responsiveness of noci-
ceptors to noxious stimuli) and a related phenomenon, allodynia
(wherein normally nonnoxious stimuli, such as those that elicit a
touch sensation, become capable of activating nociceptors).
Administration of nonsteroidal anti-inflammatory drugs
(NSAIDs) is intended to obviate the expression of hyperalgesia
and allodynia in injured—and specifically inflamed—tissue.

Modulation in the Dorsal Horn
Considerable processing of nociceptive information occurs in the
dorsal horn, although precisely what happens there is debated.
One of the fundamental concepts of dorsal horn processing is that
one population of second-order neurons is dedicated to nocicep-
tion (nociceptive-specific cells) and an additional, smaller group
receives input from primary afferents conducting both noxious
and nonnoxious tactile information.22,25,40 It is suspected that the
nociceptive-specific neurons are primarily involved in discrimi-
native nociception (i.e., localization). The second group, referred
to as wide-dynamic-range or WDR neurons, responds both to
noxious and nonnoxious stimuli, and is likely to be recruited in
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pathways that exhibit less somatotopy (i.e., are less discrimina-
tive). The WDR neurons appear to be relatively insensitive to tac-
tile information, discharging at one rate in response to innocuous
touch stimuli, while responding more vigorously (at a greater fre-
quency) to noxious stimulation. These neurons also receive infor-
mation from both somatic and visceral structures, which is a fea-
ture believed to underlie the phenomenon of referred pain.41 In
referred pain, noxious stimuli originating in viscera are perceived
as originating instead from a somatic region (body wall or skin).
This perception is thought to result from the fact that information
from that region of viscera converges on WDR neurons and path-

ways that also convey information from somatic structures. Since
we (and presumably other organisms) are much more familiar
with sensations arising from our skin and body wall, the pain is
interpreted to originate in these somatic structures.

The WDR neurons are probably the cells most important in the
expression of spinal facilitation of pain, or windup (Fig. 3.4).
Windup occurs with rapid, continuous firing of primary nocicep-
tive afferents, probably most especially small-diameter, unmyeli-
nated fibers (C fibers).38,42,43 The high-frequency volley of action
potentials in the primary afferent terminal stimulates release of in-
creased amounts of glutamate and is also associated with release

Pain and Its Management ● 37

Fig. 3.4. Processes involved in the spinal facilita-
tion of pain or windup. AMPA, �-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid; AP,
action potential; BDNF, brain-derived neurotrophic
factor; and NMDA, N-methyl-D-aspartate.



of substance P and brain-derived neurotrophic factor.43,44 The in-
creased exposure to glutamate in the synaptic cleft activates N-
methyl-D-aspartate (NMDA) receptors (inactive except under
conditions of persistent membrane depolarization) on the postsyn-
aptic membrane. This particular variety of glutamate receptor is
unique in that it exhibits a calcium conductance; its activation is
therefore associated with influx of calcium ions onto the postsyn-
aptic neuron, leading to a series of intracellular cascades that ulti-
mately results in upregulation of receptors.42,45 Substance P and
brain-derived neurotrophic factor are neuromodulatory neuro-
transmitters that bind with G-protein–coupled receptors. These,
too, activate intracellular signaling cascades that increase the
membrane’s sensitivity to subsequent stimulation.

The net effect of these events is that high-frequency action po-
tentials in the primary afferent neuron “train” the second-order
neurons to respond more vigorously to subsequent stimulation.
This change can last from hours to days (and longer) after the
causative event ends. Effectively, then, prolonged noxious stim-
uli produce greater sensitivity to subsequent stimuli. What is es-
pecially significant about this phenomenon is that general anes-
thesia does not prevent windup, as it does not prevent generation
of action potentials in the primary afferents. This observation has
been used as a compelling argument for the use of analgesics pre-
operatively or intraoperatively as a preemptive strike against the
development of windup during surgeries (e.g., orthopedic proce-
dures) likely to activate C fibers. In 1965, Melzack and Wall46

developed a concept of spinal cord pain modulation that they
called the gate control theory. The specifics of the neuronal in-
teractions in the original gate control theory have since been
shown to be inaccurate, and many contemporary pain researchers
object to the continued use of the term “gate control theory.”
Nonetheless, the term is in very wide use among professionals
educated in medicine, and the model, however inaccurate in its
details, is useful as a basis for understanding the modulatory in-
fluences of tactile information on nociceptive information at the
level of the spinal cord. The gate control theory was developed
primarily to explain the common observation that nonnoxious
tactile stimulation (e.g., vibration and massage) can reduce the
perception of pain. That this is so is evident in our common pain
experiences. For example, when you “bark your shin,” your first
impulse is to rub the injured region. To do so lessens the per-
ceived pain.

In a simplified form, the gate control theory may be summa-
rized as follows: Both nociceptive-specific C fibers and nonnoci-
ceptive (tactile) A-ß fibers converge on WDR neurons of the dor-
sal horn. The nonnociceptive fibers also make connections with
interneurons whose effects on transmission neurons of the dorsal
horn are inhibitory. When A-ß fibers are activated by tactile stim-
uli, they weakly stimulate the WDR projection neurons and si-
multaneously stimulate the inhibitory interneurons. These in-
hibitory neurons reduce transmission in the nociceptive pathways
either by (a) inhibiting activity in the WDR projection neurons
(postsynaptic inhibition) or (b) inhibiting release of neurotrans-
mitter from the C-fiber terminals in an axoaxonic connection
(presynaptic inhibition). Whatever the mechanism, the end result
is that ascending transmission of nociception is decreased.41

The gate control theory, regardless of the exact circuitry, ex-
plains the observation that certain kinds of tactile stimuli can re-
duce perception of pain. These stimuli can take the form of heat
or cold application, massage, vibration, or transcutaneous electri-
cal nerve stimulation, a pain therapy used in human medicine,
among others. Additionally, the described modulation at the level
of the dorsal horn may be at least partly responsible for the effec-
tiveness of acupuncture for relief of pain.

Suprasegmental Modulation
Activity in spinal nociceptive pathways is also strongly influ-
enced by antinociceptive systems that originate in the brain
stem.21,41,44,47 The midbrain (mesencephalon) and medulla both
possess a series of midline nuclei that modulate the transmission
of nociception. Input from higher cerebral centers and collaterals
from ascending nociceptive pathways, particularly those convey-
ing deep pain (spinoreticular tract), activate these nuclei. Among
the nuclei that give rise to descending pain modulatory pathways,
of particular note are the mesencephalic periaqueductal gray
matter (PAG) and the nucleus raphe magnus of the rostroventral
medulla.

The PAG receives input from ascending nociceptive tracts and
higher centers (including limbic structures and cerebral cortex)
and sends axons to the nucleus raphe magnus, to other medullary
reticular nuclei, and, to a much lesser extent, to the dorsal horn
of the spinal cord. These axons release multiple neurotransmit-
ters, most notably endorphins, which are transmitters with pow-
erful antinociceptive properties. The PAG input to the nucleus
raphe magnus activates (through disinhibition) the monoaminer-
gic pathways that arise here and descend the cord to modulate
nociception at the level of the dorsal horn (Fig. 3.5). The primary
neurotransmitters of the nucleus raphe magnus and other
medullary nuclei are serotonin and norepinephrine. Activity in
these systems will recruit a pool of interneurons whose neuro-
transmitters (endorphin, enkephalin, and dynorphin) inhibit
transmission in spinal cord pain pathways at the level of the dor-
sal horn.

Neuropathic Pain
This is pain that is caused by injury to the nervous system.
Damage leading to neuropathic pain can result from a variety of
insults, including trauma (e.g., amputation and crushing injury),
vascular injury (e.g., thromboembolic disease), endocrinopathy
(e.g., diabetes mellitus), or infection (e.g., postherpetic neural-
gia). Neuropathic pain resulting from these many different
causes is probably not a single uniform entity. Several mecha-
nisms are thought likely to contribute to neuropathic pain; not all
of these necessarily underlie any given case of neuropathic pain,
although they are not mutually exclusive.38,48,49

Hyperalgesia and allodynia are both commonly associated
with neuropathic pain. Dysesthesias, which are unpleasant, ab-
normal sensations often characterized as tingling or “electric,”
are sometimes described by affected people, although neuro-
pathic pain is most usually described as having a burning, lanci-
nating quality. In the peripheral nervous system, injury to pri-
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mary afferents (up to and including the dorsal root ganglia) can
cause neuropathic pain. The pathomechanisms producing this
pain are not clearly understood and, like all facets of neuropathic
pain, are likely to be multiple. In at least some cases, the dam-
aged primary afferent produces an increased frequency of spon-
taneous action potentials (most neurons do this to some extent,
but normal nociceptive afferents typically do so at a very low
rate), a phenomenon called ectopic discharge.38,48 Damaged pri-
mary afferents are also apt to develop collateral sprouting, per-
haps in response to neurotrophic factors released by damaged tis-
sues. Aberrant collaterals of nociceptive neurons may spread into
adjacent skin or other tissues, where their activation can produce
an abnormal perception of pain.38 One line of inquiry has re-
vealed a phenomenon of electrical coupling between somato-
sensory and sympathetic fibers in the periphery (including the
dorsal root ganglia). This coupling, called sympathetically main-
tained pain, activates nociceptive pathways (and pain perception)
with activity in sympathetic neurons.38,48

Centrally, the alterations described in the discussion of windup
(spinal facilitation of pain) are likely to play a role in the devel-
opment of sustained, neuropathic pain, inasmuch as the upregu-
lation of receptors on postsynaptic membranes can persist for a
prolonged time.43,45 Since activation of NMDA glutamate recep-
tors is a key part of spinal facilitation of pain, use of NMDA an-
tagonists shows potential as a therapy for neuropathic pain.
Additionally, there is evidence that tactile (i.e., nonnociceptive)
A-ß afferent fibers sprout collateral connections in the dorsal
horn (again, probably in response to neurotrophic factors re-
leased by injured nervous tissue), making aberrant connections
with projection neurons that are normally associated with noci-
ception.48 Activity in these fibers will therefore produce activity
in nociceptive pathways, leading ultimately to the perception of
increased pain.

There is also ample evidence that the repertoire of neurotrans-
mitters and/or receptors within the dorsal horn undergoes
changes in response to injury.49,50 Some researchers have docu-
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mented a decrease in �-aminobutyric acid (an inhibitory neuro-
transmitter) in animal models of neuropathic pain. Experimental
techniques that increase levels of �-aminobutyric acid in the
spinal cord are associated with an attenuation of allodynia, which
is characteristic of neuropathic pain.

A particularly frustrating aspect of neuropathic pain is the ex-
tent to which it is refractory to opioids. This is likely because of
a loss of opioid receptors, which is a phenomenon that has been
reported in the dorsal root ganglion and the dorsal horn.48

Simultaneously, cholecystokinin and its receptors appear to be
upregulated by nervous tissue injury; cholecystokinin has docu-
mented opioid antagonist activity.48

Neuropathic pain is a well-recognized problem in human med-
icine, and there is observational evidence that it is a significant
cause of postinjury morbidity in animals, as well. Therapies to
effectively reverse the development of neuropathic pain will rely
on a clear understanding of the cellular biology and neurophysi-
ology that underlie it.

Response to Pain and Injury
Nociceptive stimulation of medullary centers of circulation and
ventilation, hypothalamic centers of neuroendocrine function
(primarily sympathetic), and limbic structures produces
suprasegmental reflex responses. These include hyperventilation,
increased hypothalamic neural sympathetic tone, and increased
release of catecholamines and other endocrine hormones.
Increased neural sympathetic tone and catecholamine secretion
add to that induced segmentally to further increase cardiac out-
put, peripheral resistance, blood pressure, cardiac work, and my-
ocardial oxygen consumption. In addition, there is increased se-
cretion of cortisol, adrenocorticotropic hormone, glucagon,
cyclic adenosine monophosphate, antidiuretic hormone, growth
hormone, renin, and other catabolic hormones, and a concomi-
tant decrease in the anabolic hormones insulin and testosterone.
These responses, characteristic of the stress response, cause in-
creased blood glucose, free fatty acids, blood lactate, and ke-
tones, as well as an increased rate of metabolism and oxygen
consumption. These responses cause substrate mobilization to
central organs and injured tissues, and lead to a catabolic state
and negative nitrogen balance. The magnitude and duration of
these changes parallels those of the degree of tissue damage and
may last for days when weight loss and muscle wastage become
clinically obvious.17,51–54

These nociceptive responses also occur in anesthetized or un-
conscious patients because the nociceptive neural activity is not
obtunded at the spinal and brain-stem levels. Nevertheless, the
patients are pain free because the nociceptive activity does not
terminate or impinge on a functioning cerebral cortex. It has been
proposed that these responses can be obtunded or largely pre-
vented by the preoperative administration of analgesic agents
(so-called preemptive analgesia).55 More specifically, when
evoked potential responses to somatic stimulation are abolished
by epidural or intrathecal local anesthetics, the stress response is
inhibited. Peripheral nerve blockade alone is not as effective at
blocking the stress response. Systemic opioids have little effect

on the stress response. Epidural or intrathecal opioids when used
alone appear to obtund the stress response, but not nearly as ef-
fectively as do local anesthetics. Norepinephrine, epinephrine,
adrenocorticotropic hormone, and cortisol increased intraopera-
tively corresponding to surgical manipulation in dogs anes-
thetized with isoflurane alone for ovariohysterectomy, and re-
mained elevated postoperatively. These endocrine responses
were prevented by the preoperative administration of the �2-
agonist medetomidine.56 Administration of analgesics (e.g., mor-
phine or xylazine) has been shown to decrease plasma cate-
cholamine concentrations in cats after onychectomy.57

Intense anxiety and fear, which are an integral part of the pain
experience and response, greatly enhance the hypothalamic re-
sponses through cortical stimulation. Pain-free anxiety can cause
greater cortisol and catecholamine responses than those resulting
directly from nociceptive impulses reaching the hypothala-
mus.58,59 In addition, anxiety causes cortically mediated increases
in blood viscosity, clotting time, fibrinolysis, and platelet aggrega-
tion.60–63 Pain-induced responses are summarized in Table 3.1.64

These reflex responses induced by tissue damage and pain, al-
though immediately protective for short-term survival of the or-
ganism, can be deleterious if prolonged. Indeed, in the hospital
setting, and specifically in a surgical environment, they may be
more deleterious than beneficial. More specifically, the stress re-
sponse increases cardiac output, cardiac work, and oxygen con-
sumption at a time when cardiac reserve is diminished. Intense
vasoconstriction, especially of the splanchnic beds, leads to is-
chemia, tissue hypoxia, and release of myocardial toxins. Renal
failure may ensue as a result of intense vasoconstriction and the
release of arginine vasopressin (antidiuretic hormone) and aldos-
terone. In many patients with severe posttraumatic or postsurgi-
cal pain, these neuroendocrine responses are of sufficient magni-
tude to initiate and maintain shock.65

Attenuation of the stress response through adequate pain relief
and supportive therapy should improve patient outcome and pro-
mote healing. For example, in a recent report, the continuous-rate
infusion of butorphanol (13 µg/kg/h) for 1 day following abdom-
inal surgery in horses decreased plasma cortisol concentrations
and improved behavior scores when compared with horses that
did not receive butorphanol.66 Similarly, dogs undergoing fore-
limb amputation that received a constant-rate infusion of keta-
mine during and after surgery in addition to standard analgesics
had significantly lower pain scores 12 and 18 h after surgery and
were more active on postoperative day 3 as compared with dogs
that did not receive ketamine.67 Pain can be managed initially
through systemic administration of analgesics, primarily opioids,
�2-adrenergic agonists, local anesthetic nerve blocks, lidocaine
administered intravenously, ketamine, and NSAIDs. Long-term
(up to 12 h) control of pain may include epidural or spinal admin-
istration of many of these agents in combination with local anes-
thetics. Local and regional nerve blocks (e.g., intercostal,
brachial plexus, or intra-articular) can play an important role in
the perioperative period and as a part of a balanced anesthetic
protocol.68 Preventive analgesia has been shown to be highly ef-
fective in preventing windup and in decreasing postoperative
pain as measured by a reduced requirement for analgesics.55,69
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Preemptive analgesia clearly has beneficial effects in the im-
mediate perioperative period, including being able to maintain
anesthesia with less inhalant agent (less cardiopulmonary depres-
sion) and improved recovery from anesthesia and surgery. Based
on survey studies from human medicine, the overall impact of
preemptive analgesia on patient pain and outcome variables is
somewhat less clear.70–74 Large-scale clinical studies evaluating
the role of preemptive analgesia in overall patient outcome have
not been published in the veterinary literature to date. Never-
theless, the clinical benefits of preemptive analgesia likely out-
weigh the costs. As such, analgesics should be administered to all
animals undergoing a surgical or invasive diagnostic procedure
unless there are compelling reasons to do otherwise. In addition,
NSAIDs may be useful in relieving pain caused by the continued
release of algogenic substances from injured and inflamed tis-
sues. Nonpharmacological treatments, such as supportive ban-
dages and splinting, should not be overlooked.

Communicating and Measuring Pain in
Veterinary Patients
As previously mentioned, pain is an extremely complex multidi-
mensional experience with both sensory and affective (emo-
tional) elements. Obviously, there are distinct populations, in-
cluding human neonates, nonverbal adults, and animals, that
cannot express their pain overtly. However, all mammals possess
the neuroanatomical and neuropharmacological components nec-
essary for transduction, transmission, and perception of noxious
stimuli; therefore, it is commonly assumed that animals experi-
ence pain even if they cannot exactly perceive or communicate it
in the same way people do.75

All pain is subjective. No one can “feel” another person’s pain.
Even after identical surgical procedures, people do not experi-
ence the same quality and intensity of pain. In view of that, how
can we determine with any degree of certainty what an animal
feels? Put simply, in humans, pain is what the patient says it is;
and, in animals, pain is what humans say it is. Clearly, there is
more room for error when humans assess pain in an animal, be-
cause all judgments are subjective and, if the humans “get it
wrong,” a great disservice is done to the animal. It can be stated
that pain has been treated effectively only if it can be measured.
Veterinarians can measure many specifics in our patients, includ-
ing blood pressure, temperature, and arterial oxygen partial pres-
sure, all of which are expressed in quantifiable, completely ob-
jective units, but what is the unit of pain? There is none. Lord
Kelvin stated in 1883, “I often say that when you can measure
what you are speaking about and express it in numbers you know
something about it; but when you cannot measure it, when you
cannot express it in numbers, your knowledge is of a meager and
unsatisfactory kind.”76

With that in mind, there is presently no gold standard for as-
sessing pain in animals. Many different scoring methods that in-
clude physiological variables (in an attempt to identify objective
measures) and behavioral variables have been published, but few
have been rigorously validated. The issue of pain assessment in
animals is especially complex because consideration must in-
clude differences in gender, age, species, breed, strain, and envi-
ronment. Assessment systems must also take into account the dif-
ferent types and sources of pain, such as acute versus chronic or
neuropathic pain and visceral compared with somatic pain. For
example, if a pain scale were developed to evaluate acute postop-
erative pain in dogs following routine abdominal surgery, such as
ovariohysterectomy, then the scale might be inappropriate for as-
sessing pain after orthopedic surgery or pain associated with
chronic osteoarthritis in that species. There is no question that as
more studies focus on species-specific pain behaviors and the
different types of pain, the ability of the veterinary community to
recognize and treat pain in animals will improve. Nevertheless,
the assessment of pain in animals will remain a subjective and in-
accurate undertaking for the foreseeable future. Despite that pre-
diction, one fact remains certain: Ignoring pain simply because
there is difficulty measuring it condemns animal patients to
undue suffering.

Behavioral responses to pain vary greatly between species, and
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Table 3.1. Neuroendocrine and metabolic responses to pain.

Segmental and suprasegmental reflexes
Increased sympathetic tone
Vasconstriction: skin and viscera
Increased systemic vascular resistance and preload
Increased stroke volume, heart rate, and cardiac output
Increased arterial pressure and myocardial work
Increased metabolic rate and oxygen consumption
Decreased gastrointestinal and urinary tone
Increased skeletal muscle tone
Endocrine responses
Increased adrenocorticotropic hormone, cortisol, antidiuretic 

hormone, and growth hormone
Cyclic adenosine monophosphate, catecholamines, renin, and 

angiotensin II
Aldosterone, glucagon, and interleukin I
Decreased insulin and testosterone
Metabolic responses
Hyperglycemia
Glycogenolysis and gluconeogenesis
Increased muscle protein metabolism
Increased lipolysis
Water and electrolytes
Retention of water and sodium ions
Increased potassium-ion excretion
Decreased extracellular fluid
Ventilation
Central hyperventilation
Segmental hypoventilation
Splinting and bronchospasm
Diencephalic and cortical responses
Anxiety and fear increase sympathetic responses
Blood viscosity and clotting time
Fibrinolysis and platelet aggregation
Psychological effects
Overall effects of pain
Prolonged recovery
Slower return to normal behaviors



these differences may be linked to an animal’s survival mecha-
nisms. For example, because rats and mice are prey animals,
overt signs of pain or injury draw the attention of predators, so
the rodents have evolved to where they instinctively disguise
their pain. The subtle signs of pain exhibited by these species,
such as abdominal pressing and back arching, can be easily
missed by an inexperienced observer.77,78 Because of behavioral
distinctions, pain-assessment tools must be species specific.
There are also behavioral variations within a species: Few veteri-
narians would disagree that Labrador retriever dogs react differ-
ently from the Arctic breeds in the postoperative period!

It is now apparent that every animal is unique with respect to
number, morphology, and distribution of opioid receptors; and
these differences are genetically determined. This, as well as
each individual’s own endogenous ability to inhibit pain trans-
mission and perception, may explain some of the variation in
pain tolerance and the range of responses to analgesic drugs.
From the work of Holton and others with dogs79 and Roughan
and Flecknell78 with rats, it is obvious that creating meaningful
pain-assessment tools is a painstaking and time-consuming task.

Pain-Assessment Tools in Veterinary
Medicine
Acute Pain
Most studies in dogs and cats have focused on assessing acute
postoperative pain. Not all of the systems used have been vali-
dated or rigorously tested, however; and the key question for a
busy practitioner is “How well do these scoring systems perform
in clinical practice?”

Objective Measures
In both cats and dogs, the correlation between easily measured
physiological variables (heart rate, respiratory rate, blood pres-
sure, and pupil diameter) and pain scores have been evalu-
ated.80–82 No study found a consistently reliable objective meas-
ure, which is not surprising as these parameters can be affected
by many factors other than pain. For example, an opioid alone
causes mydriasis in cats but miosis in dogs. Pupil size is also af-
fected by fear and ambient light. In a tightly controlled research
setting, blood pressure looked promising as an indirect indicator
of pain in cats, but, in a clinical environment, this variable was an
unreliable indicator of pain.83,84

Changes in plasma cortisol and ß-endorphins are components
of the “stress response” to anesthesia and surgery, and much ef-
fort has been expended trying to correlate these hormones with
pain in laboratory and clinical analgesia trials. Plasma cortisol
was not a useful pain marker in dogs and is extremely unreliable
in cats.80,84–87 Mechanical nociceptive threshold testing with var-
ious devices (palpometers and algometers) has proved to be use-
ful for evaluating both primary (wound) and secondary (remote
area) hyperalgesia in cats and dogs.81,88,89 Changes in wound
sensitivity have correlated with visual analog scoring in cats,
suggesting that assessing wound tenderness is a valuable tool and
should be incorporated into an overall assessment protocol.89

Force plate gait analyses have been widely used to assess lame-

ness in dogs objectively. This technique has also been used to
evaluate response to different surgical procedures and to assess
the efficacy of a variety of analgesics. Conzemius et al.90 have
demonstrated that pressure platform gait analysis can be used
successfully in cats and may provide a method of assessing pain
after procedures such as onychectomy.

Scoring Systems
Because animals cannot self-report, all scoring systems that de-
pend on a human observer must, by definition, be subjective to
some degree and leave room for error, which could be either un-
derassessment or overassessment of the animal’s pain. Any sys-
tem used must be valid, reliable, and sensitive.91 Without strictly
defined criteria and the use of well-trained and experienced ob-
servers, many scoring systems are too variable, which is one of
the main criticisms of multicenter clinical trials. One scoring sys-
tem may show an analgesic agent to be effective, and another
shows that same analgesic to be ineffective. If a system is insen-
sitive, then these differences are inevitable and result in large in-
terobserver variability.

Simple descriptive scales. These are the most basic pain
scales. These usually have four or five descriptors from which
observers choose, such as no pain, mild pain, moderate pain, se-
vere pain, or very severe pain. Although simple to use, these
scales are extremely subjective and do not detect small changes
in pain behavior.

Numerical rating scales. These are essentially the same as sim-
ple descriptive scales, but assign numbers for ease of tabulation
and analyses; for example, absence of pain is assigned the num-
ber 0 and very severe pain the number 5. This system implies
equal difference or weighting between each category, which is not
the case. These are discontinuous scales; therefore, a dog experi-
encing pain that is “just in” category 2 is in quite different condi-
tion from a dog that is also in category 2 but almost in category 3.
A further development of the simple descriptive and numerical
rating systems is a categorized numerical rating system where cer-
tain behaviors are chosen and assigned a value. For example, vo-
calization can be divided into none (score = 0), crying but respon-
sive (score = 1), and crying but nonresponsive (score = 2); other
categories may include movement, agitation, and posture.92

Visual analog scale. In an attempt to improve on discontinu-
ous scales, the visual analog scale (VAS) has been widely used in
veterinary medicine (Fig. 3.6). This tool consists of a continuous
line (usually 100 mm long) anchored at either end with a descrip-
tion of the limits of the scale, for example no pain or no sedation
at one end and severe pain or asleep at the other end. An observer
places a mark on the line at the point that he/she thinks correlates
with the degree of pain in the animal under observation, and this
point is later translated into a number by measuring the distance
to the mark from zero. The VAS can be improved by adding a
descriptor that says “Worst possible pain for this procedure,”
because the worst pain associated with a castration is likely to 
be different from the worst pain after a thoracotomy. Without
training and experience, the VAS results in wide interobserver
variation.
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Holton and others91 compared the use of simple descriptive,
numerical rating, and visual analogue scales for assessing pain 
in dogs after surgery. The results showed significant observer
variability—as high as 36%—with all three scales. These re-
searchers suggested that the numerical rating scale was most suit-
able if a single, trained observer performed all assessments,
which again emphasizes the difficulty in conducting reliable
multicenter trials.

Lascelles and others88 have reported the use of a dynamic and
interactive visual analog scale (DIVAS) as an extension of the
classic VAS system in dogs. With the DIVAS system, animals are
first observed from a distance undisturbed and then approached,
handled, and encouraged to walk. Finally, the surgical incision
and surrounding area are palpated, and a final overall assessment
of sedation and pain is made. This approach overcomes some of
the deficiencies of purely observational systems; for example, a
dog may lie very still and quiet because a wound is painful, and
this would go undetected unless the observer interacted with the
animal. The DIVAS system has also been used to assess postop-
erative pain in cats and, when performed by one individual un-
aware of treatments, it detected differences between analgesics
(meperidine and carprofen) and between treated (analgesia) and
untreated (no analgesia) cats.93,94 So far, the scoring systems dis-
cussed in this section are regarded as one-dimensional in that
they assess only intensity of pain.

Considering the complexity of pain, it is not surprising that
simple, subjective, one-dimensional systems have not proven
ideal. In humans, multidimensional systems, such as the McGill
Pain Questionnaire, that account for not only intensity but also
sensory and affective (emotional) qualities of pain have provided
a more comprehensive assessment of a patient’s pain. Multidi-
mensional systems are particularly important when self-reporting
is not possible, but reports must incorporate components that are
proven to be sensitive and specific to pain (e.g., facial expres-
sions in infants) in the species being studied.95

It is now accepted that quantitative measurements of behavior
are the most reliable methods for assessing pain in animals and
that, if the methodology used to develop and validate these sys-
tems is rigorous, they can be more objective with minimal ob-
server bias.96 Knowledge of normal behavior for the individual
being evaluated is essential. Deviations from normal behavior
suggest pain, anxiety, or some combination of stressors. Devel-
oping these quantitative systems is a daunting task; Fox et al.97

identified 166 possible pain behaviors associated with ovariohys-

terectomy in bitches. The importance of noninteractive (video-
taped in absence of caregivers) and interactive behaviors has also
been demonstrated.97,98 In these studies, dogs that had undergone
surgery without analgesics spent more time sleeping than control
animals did, but also showed increased cage-circling activity, lip
licking, and flank gazing. These activities would be easy to miss
in a busy clinical setting, however. Although reduced after sur-
gery (with and without analgesics), tail wagging and positive in-
teractions still occurred in the presence of a caregiver; and, dur-
ing cursory examinations, the dog could easily be scored as not
painful.

Sporadic observation of animal behavior may not reveal signs
of pain. Some signs may be masked by behavior that is stereotyp-
ical of the species being observed. For instance, a dog may wag
its tail and greet an observer at the cage door despite being in
pain. Cats may simply hide in the back of their cages and demon-
strate no behaviors that would suggest to a casual observer that
they are painful. Behavioral changes indicating pain may not be
what are expected. A cat sitting quietly in the back of the cage
after surgery may be in pain; however, pain would not be recog-
nized if the caregiver expects to see more active signs of pain,
such as pacing, agitation, or vocalizing.

The University of Melbourne Pain Scale (UMPS) has been de-
veloped to incorporate objective physiological data (heart rate,
respiratory rate, pupil size, and rectal temperature) and behav-
ioral responses (activity, response to palpation, posture, mental
status, and vocalization). By assigning numbers to each factor, a
score between 0 and 27 is derived.99 This scale has been tested
on dogs following ovariohysterectomy and demonstrated good
agreement between different assessors. It could differentiate be-
tween dogs that were anesthetized but not subjected to surgery
and those undergoing surgery. With some refinement to detect
smaller differences, the system shows promise for clinical use.

To date, the most vigorously validated scale for assessing
acute postoperative pain in dogs is the Glasgow composite meas-
ures pain scale.79 The original 279 words or expressions that
could describe pain in dogs have been reduced to 47 well-defined
words placed in one physiological category and seven behavioral
categories. The behavioral categories comprise evaluations of

Posture
Comfort
Vocalization
Attention to the wound
Demeanor and response to humans
Mobility
Response to touch

Each descriptor is well defined to avoid misinterpretation.
Assessment involves both observation from a distance and inter-
action with the patient (e.g., palpation of the wound). Frequent
assessments are necessary because pain is not a static process,
and the benefits of intervention with analgesics must be evalu-
ated. In a busy practice, time-consuming assessments are the
biggest drawbacks to effective pain management. For this reason,
a short form of the Glasgow composite pain scale, which takes
only a few minutes to perform, has been developed (Fig. 3.7).
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NO PAIN WORST PAIN
POSSIBLE

Fig. 3.6. The visual analogue scale used to assess pain in animals.
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SHORT FORM OF THE GLASGOW COMPOSITE PAIN SCALE

Dog’s name _______________________________

Hospital Number __________  Date      /       /       Time

Surgery Yes/No (delete as appropriate)

Procedure or Condition_____________________________________________

______________________________________________________________

In the sections below please circle the appropriate score in each list and sum these to give the total score.

A. Look at dog in Kennel 

Is the dog?

D. Overall

Is the dog? 
(v)

Happy and content or happy and bouncy 0

Quiet      1

Indifferent or non-responsive to surroundings 2

Nervous or anxious or fearful 3

Depressed or non-responsive to stimulation 4

(ii)

Ignoring any wound or painful area 0

Looking at wound or painful area 1

ing wound or painful area 2

Rubbing wound or painful area 3

Chewing wound or painful area 4

Lick
Groaning   2 

(i)

Quiet    0

Crying or whimpering 1

Screaming   3 

In the case of spinal, pelvic or multiple limb fractures, or where assistance is 
required to aid locomotion do not carry out section B and proceed to C
Please tick if this is the case  then proceed to C.

C. If it has a wound or painful area 
including abdomen, apply gentle pressure 2 
inches round the site.

Does it? 
(iv)

Do nothing 0

 Look round  1 

Flinch   2 

Growl or guard area 3

Snap   4 

Cry   5

B. Put lead on dog and lead out of the kennel.

When the dog rises/walks is it? 
(iii)

Normal   0 

Lame   1 

Slow or reluctant 2

Stiff   3 

It refuses to move 4

Is the dog? 

(vi)

Comfortable   0 

Unsettled   1 

Restless   2 

Hunched or tense 3

Rigid    4 

© Univerrsity of Glasgow© University of Glasgow Total Score (i+ii+iii+iv+v+vi) = ______

Fig. 3.7. Short-form pain questionnaire. The short-form composite measure pain score (CMPS-SF) can be applied quickly and reliably in a
clinical setting and has been designed as a clinical decision-making tool that was developed for dogs in acute pain. It includes 30 descriptor
options within 6 behavioral categories, including mobility. Within each category, the descriptors are ranked numerically according to their asso-
ciated pain severity, and the person performing the assessment chooses the descriptor within each category that best fits the dog’s behavior
or condition. It is important to perform the assessment procedure as described on the questionnaire, following the protocol closely. The pain
score is the sum of the rank scores. The maximum score for the 6 categories is 24, or 20 if mobility is impossible to assess. The total CMPS-
SF score has been shown to be a useful indicator of analgesic requirement, and the recommended analgesic intervention level is 6/24 or 5/20.170



Suggestions for Creating an Acute-Pain
Scoring System
Each practice should choose or design a pain-scoring system that
meets its own specific needs, and finding one that suits may re-
quire trial and error. The system chosen should be user friendly
and readily used by veterinarians and animal-care staff. It should
also be an integral part of an animal’s postoperative evaluation.
After temperature, pulse, and respiration are checked, pain,
which has been coined the “fourth vital sign,” should also be as-
sessed and treated, if necessary. A scale should include both non-
interactive and interactive components and rely heavily on
changes in behavior.

Considerations in Establishing a Pain Scale
Pain scales should not be used to deny analgesic therapy to an an-

imal that is likely to be in pain following a procedure. Rather,
the pain scale should be used to determine whether analgesic
therapy needs to be increased or can be tapered off.

Therapy should not be based on rigid minimum scores.
Individual behaviors suggestive of animal pain or distress should

overrule results of pain scoring.
If a procedure is likely to be painful, but the pain score is too low

to prompt treatment, a test dose of analgesic should be admin-
istered and the patient’s response observed.

Critically ill or compromised animals may be unable to show be-
haviors required to bring about treatment.

Consider low-dose opioid therapy in a painful animal that is
slightly obtunded. Increased awareness of surroundings, but
not agitation, suggests a beneficial effect of analgesic therapy.

If a practitioner is unsure that a patient is in pain, but tissue
trauma has occurred, treat for pain conservatively and observe
results.

How Often Should Animals Be Assessed?
Acute Pain
The health status of the animal, extent of surgery/injuries, and
anticipated duration of analgesic drugs determine the frequency
and interval of evaluations. In general, evaluations should be
made at least hourly for the first 4 to 6 h after surgery, provided
the animal has recovered from anesthesia, has stable vital signs,
and is resting comfortably. Animals not recovering as anticipated
from anesthesia/surgery and critically ill animals require much
more frequent evaluations until they are stabilized. Patient re-
sponse to analgesic therapy and expected duration of analgesic
drug(s) administered help to determine frequency of evaluations.
For example, if a dog is resting comfortably following the post-
operative administration of morphine, it may not need to be re-
assessed for 2 to 4 h. Animals should be allowed to sleep follow-
ing analgesic therapy. Vital signs can often be checked without
unduly disturbing a sleeping animal. In general, animals are not
awakened to check their pain status; however, that does not mean
they should not receive their scheduled analgesics.

Continuous, undisturbed observations, coupled with periodic
interactive observations (open the cage, palpate the wound, etc.)
are likely to provide more information than occasionally observ-
ing the animal through the cage door. It is regrettable that contin-

uous observations are not practical for most clinical situations. In
general, the more frequent the observations, the more likely that
subtle signs of pain will be detected.

Chronic Pain
Without doubt, chronic pain affects an animal’s quality of life.
Because of the nature of chronic pain, such as that associated
with osteoarthritis in dogs and cats, the accompanying behavioral
changes can be insidious and easily missed. Indeed, many own-
ers assume these changes are inevitable with advancing age.

Preliminary data based on owner interviews revealed changes
in 32 types of behavior in dogs with chronic pain.100 This study
also indicated that the owners are the best evaluators of their pet’s
pain. The Glasgow University Health-Related Dog Behavior
Questionnaire has identified some key indicators of chronic pain,
including, but not limited to, decreases in mobility, activity, so-
ciability, and curiosity, and increases in aggression, anxiety, day-
time sleeping, and vocalizing.100

Chronic pain is undoubtedly a clinical problem in cats, but is
not well documented. Compared with dogs, very little is known
about degenerative joint disease in cats, but radiographic evi-
dence in geriatric cats suggests the incidence may be as high as
90%.101 Because of a pet cat’s lifestyle, lameness is not a com-
mon owner complaint; but changes in behavior, including de-
creased grooming, reluctance to jump up to favorite places, and
soiling outside the litter box, should prompt veterinarians to look
for sources of chronic pain. It is common for owners not to real-
ize how debilitated their pet is until they see dramatic improve-
ments following treatment. Radiographic lesions in the lum-
bosacral area have been correlated with neurological disease.101

Management and Control of Pain
Because the anatomical structures and neurophysiological mech-
anisms leading to the perception of pain (nociception) are re-
markably similar in humans and animals, it is reasonable to as-
sume that, if a stimulus is painful to a person, is damaging or
potentially damaging to tissues, and induces escape and emo-
tional responses in an animal, it must be considered to be painful
to that individual.102,103 That animals exhibit signs of distress
and learned avoidance behavior, and vocalize in response to nox-
ious (painful) stimuli, is further evidence of their capacity to suf-
fer from pain. Pain may not always be overtly expressed and may
be evidenced only by subtle changes in behavior or posture. A
degree of anthropomorphism is appropriate and desirable, espe-
cially in situations that are known to cause pain in people.104,105

A consensus statement from an international workshop on ani-
mal and human pain concluded that animals feel pain, but that it
is unclear whether animals feel pain with the same qualities and
intensities as humans. Furthermore, it is unclear at what taxo-
nomic level noxious stimuli are associated with pain, but it is
likely that all vertebrates and some invertebrates experience
pain.106 It is worth noting that humans have differing thresholds
and sensitivities to pain, and it is likely that the experience of
pain caused by given procedure or injury is quite varied. Thus,
the consensus statement that it is unclear whether animals feel
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pain with the same quality or intensity as humans does nothing
to minimize the importance or clinical relevance that animals feel
pain. (Similarly, the variability in pain response between people
does not negate the fact that pain exists and is unpleasant.)

Just as antibiotics are administered prophylactically to prevent
infection, it is appropriate to administer analgesics to prevent
pain where it is likely to occur. The commonly stated reasons for
withholding analgesics (e.g., to avoid opioid-induced respiratory
depression or because pain relief would increase activity leading
to self-injury) are seldom valid and should be carefully examined
before a decision is made to withhold analgesic drugs. Accurate
selection and dosing of analgesic drugs provide relief of pain
without severe respiratory depression. Where pulmonary func-
tion is compromised, monitoring for signs of respiratory depres-
sion and tailoring analgesic therapy to the individual patient will
prevent hypoventilation or apnea. Appropriate splinting, bandag-
ing, or confinement will prevent self-injury. Animals should not
have to endure pain because of real or imagined sequelae to its
relief. Pain-induced alterations in metabolism, endocrine, and
cardiopulmonary function are well recognized and of serious
consequence to animals.

Analgesia in the strictest sense is an absence of pain but clini-
cally is the reduction in the intensity of pain perceived. The goal
should not be to eliminate pain completely, but to make the pain
as tolerable as possible without undue depression of patients.
Analgesia in the clinical setting may be induced by obtunding or
interrupting the nociceptive process at one or more points be-
tween the peripheral nociceptor and the cerebral cortex.
Nociception involves four physiological processes that are sub-
ject to pharmacological modulation. Transduction is the transla-
tion of physical energy (noxious stimuli) into electric activity at
the peripheral nociceptor. Transmission is the propagation of
nerve impulses through the nervous system. Modulation occurs
through the endogenous descending analgesic systems, which
modify nociceptive transmission. These endogenous systems
(opioid, serotonergic, and noradrenergic) modulate nociception
through inhibition of the spinal dorsal horn cells. Perception is
the final process resulting from successful transduction, trans-
mission and modulation, and integration of thalamocortical,
reticular, and limbic function to produce the final conscious sub-
jective and emotional experience of pain.107

Transduction can be largely abolished by use of local anesthet-
ics infiltrated at the site of injury or incision, or by intravenous,
postthoracotomy intrapleural, or postlaparotomy intraperitoneal
injection. NSAIDs will obtund transduction by decreasing pro-
duction of endogenous algogenic substances such as prosta-
glandins at the site of injury. Transmission can be abolished by
local anesthetic blockade of peripheral nerves or nerve plexuses
or by epidural or subarachnoid injection. Modulation can be aug-
mented by subarachnoid or epidural injection of opioids, and/or
�2-adrenergic agonists. Perception can be obtunded with general
anesthetics or by systemic administration of opioids and �2-
agonists either alone or in combination with tranquilizer-
sedatives.107

Balanced or multimodal analgesia results from the administra-
tion of analgesic drugs in combination and at multiple sites to in-

duce analgesia by altering more than one part of the nociceptive
process. Multimodal analgesia relies on the additive or synergis-
tic effects of two or more analgesic drugs working through dif-
ferent mechanisms of action. When multimodal analgesia is
used, doses of individual drugs can be reduced, thereby decreas-
ing the potential for any one drug to induce adverse side effects.
Thus, transduction could be reduced by NSAIDs, transmission
decreased by epidural local anesthetics, and modulation in-
creased by epidural or intrathecal opioids and/or �2-agonists.
Balanced analgesic techniques appear to offer several advantages
in the management of postoperative pain. When used preemp-
tively, this approach prevents nociceptive-induced neuroplasmic
changes within the spinal cord (windup), prevents development
of tachyphylaxis, and suppresses the neuroendocrine response to
pain and injury more effectively than when single-drug regimens
are used, and shortens convalescence through improved tissue
healing and mobility. Preemptive analgesia refers to the applica-
tion of balanced analgesic techniques prior to exposing patients
to noxious stimuli (surgical trespass). By so doing, the spinal
cord is not exposed to the barrage of afferent nociceptive im-
pulses that induce the neuroplasmic changes leading to central
hypersensitivity. This concept has gained acceptance as the most
effective means of controlling postoperative pain.55,108,109

Analgesic Drugs
Analgesics consist of those classes of drugs whose primary effect
is to suppress pain or induce analgesia (Table 3.2). Although ac-
tions and effects of most other drugs differ little among mam-
malian species, there are marked differences in response to se-
lected analgesics (e.g., opioids) that are independent of
pharmacokinetics among species.110–112 The concentration of
opioid receptors in the amygdala and frontal cortex of species
that are depressed by opioids (e.g., dogs and primates) is nearly
twice as great as in those species that become excited in response
to opioids (e.g., horses and cats).113 In contrast, µ opioid recep-
tor binding in the frontal cortex, left somatosensory cortex, col-
liculus, and granule cell layer of the cerebellum was higher in
horses than in dogs, whereas � opioid receptors were higher 
in the frontal cortex of dogs as compared with horses and higher
in the cerebellum of horses as compared with dogs.114 Thus, the
distribution of specific opioid receptors differs among species,
which probably contributes to the clinical differences in menta-
tion and efficacy when opioid analgesics are administered.
Morphine doses of 100 to 170 µg/kg did not increase the risk of
perioperative problems in horses undergoing general anesthesia
and surgery as compared with horses that did not receive mor-
phine.115 Perhaps, by simply decreasing the dose, excitement can
be avoided in those species prone to bizarre reactions. Excite-
ment may result indirectly from increased release of norepineph-
rine and dopamine.112 This may explain the mechanism whereby
dopaminergic and noradrenergic blocking drugs such as phenoth-
iazine and butyrophenone tranquilizers suppress clinical evi-
dence of opioid-induced excitement. Xylazine and detomidine
(�2-agonists) are effective in preventing opioid-induced excite-
ment in horses and ruminants. Because analgesia and excitement
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are mediated by different receptors (i.e., µ receptors for analge-
sia and phencyclidine for excitement), they can occur concur-
rently and are not mutually exclusive.

Opioid analgesics induce CNS depression accompanied by
miosis, hypothermia, bradycardia, and respiratory depression in
primates, dogs, rats, and rabbits. In horses, cats, ruminants, and
swine, stimulation can be characterized by mydriasis, panting,
tachycardia, hyperkinesis, and sweating.111,112 Opioid-induced
excitatory effects can occur in any species, but are uncommon
when opioids are administered to animals in pain or are adminis-
tered in combination with sedative/tranquilizing agents.
Systemic effects of opioids include release of arginine vaso-
pressin (antidiuretic hormone), prolactin, and somatotropin; inhi-
bition of the release of luteinizing hormone; increased vagal
tone; release of histamine and attendant hypotension; decreased
motility and increased tone of the gastrointestinal tract; spasm of
the biliary and pancreatic ducts; spasm of ureteral-smooth mus-
cle and increased bladder tone; and decreased uterine tone.

Opioids raise the pain threshold or decrease the perception of
pain by acting at receptors in the dorsal horn of the spinal cord
and mesolimbic system (i.e., brain stem–nucleus raphe magnus
and locus caeruleus), midbrain PAG, and several thalamic and
hypothalamic nuclei. In the dorsal horn, opioids induce postsy-
naptic inhibition of nociceptive projection neurons (T cells). In
addition, there is some evidence that opioids may act presynapti-
cally to inhibit release of substance P from primary afferents.
Centrally, at the level of the mesencephalon and medulla, opioids
activate the descending endogenous antinociceptive system that
modulates nociception in the dorsal horn via release of serotonin
and perhaps norepinephrine. Opioids act at the limbic system to
alter the emotional component of the pain response, thus making
it more tolerable. The presence of opiate receptors in peripheral
tissues has increased interest in using small doses of opioids for
their peripheral effects. The density of opioid-binding sites in ar-
ticular and periarticular tissues has been shown to be signifi-
cantly increased 12 h after the induction of inflammation in the
radiocarpal joints of dogs.116 Immunohistochemical analysis and
radioligand binding have demonstrated the presence of opioid re-
ceptors in the synovial membranes of horses.117 These studies
support the clinical practice of administering intra-articular opi-
oids (morphine) for postoperative analgesia following arthro-
scopic surgery. The role of peripheral opioid receptors in pain re-

lief is intriguing because opioid receptors have traditionally been
thought of as exerting their analgesic effects within the CNS. For
example, morphine (5 mg) infiltrated into the donor bone graft
site from the ileum for spinal fusion surgery significantly re-
duced the incidence of chronic pain at the donor site in people 1
year after surgery.118 The reason why locally infiltrated morphine
at the graft site exerted a significantly better analgesic effect as
the same dose of morphine administered intramuscularly is not
clear, but points to the ubiquitous role that opioid receptors play
in both the peripheral and central nervous systems. Opioid
growth factor and its specific receptors are present in the corneas
of dogs, cats, and horses.119 Although opioids have been theo-
rized to inhibit corneal healing, the topical application of 1%
morphine sulfate solution in dogs in one study provided analge-
sia without interfering with wound healing.120

Successful use of opioids requires appropriate selection of the
drug and dose for the given species to avoid undesirable side ef-
fects. Opioids must be used with caution in animals that have im-
paired pulmonary function because they depress the respiratory
and cough centers, decrease secretions, and may induce bron-
chospasm secondary to histamine release. In species that can
freely vomit, nausea and vomiting may occur. Repeated doses
can cause constipation, ileus, and urinary retention. Mice and rats
rapidly develop tolerance to and physical dependence on opioid
agonists.121–123 Morphine decreases the number and phagocytic
function of macrophages and polymorphonuclear leukocytes in
mice and may alter their immune function. These side effects are
typically managed successfully in clinical patients; thus, opioids
are the analgesic drugs of choice for the treatment of all forms
(mild to severe) of acute pain.

Whereas opioids induce analgesia by interfering with nocicep-
tive neural transmission centrally, the nonopioid, nonsteroidal,
anti-inflammatory analgesics (NSAIAs) act primarily in the pe-
riphery to decrease production of algogenic substances, primarily
prostanoids, which facilitate generation and conduction of im-
pulses that give rise to pain. When tissues are damaged, media-
tors are synthesized or released that activate nociceptors and pri-
mary afferent neurons, leading to the sensation of pain. When
administered prior to tissue damage, the nonopioid analgesics in-
duce analgesia by suppressing inflammation and the production
and elaboration of kinins and prostaglandins. There is, however,
evidence that NSAIAs may also act in the CNS. These drugs are
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Table 3.2. Classes of analgesic drugs commonly used in animals.

Classification Examples

Opioids Morphine, hydromorphone, fentanyl, meperidine, methadone oxymorphone, pentazocine, butorphanol, 
nalbuphine, and buprenorphine

Salicylates Aspirin and salicylate
Para-aminophenol derivatives Acetanilid, acetaminophen, and phenacetin
Nonopioid and nonsalicylate Phenylbutazone, dipyrone, meclofenamic acid, flunixin, carprofen, ketoprofen, etodolac, meloxicam, 

tepoxaline, deracoxib, firocoxib, and piroxicam
Local anesthetic agents Procaine, lidocaine, mepivacaine, tetracaine, and bupivacaine
�2-Adrenergic agonists Xylazine, detomidine, medetomidine, and romifidine



effective primarily against pain of low to moderate intensity as-
sociated with inflammation.124 They are generally regarded as
being useful for treating chronic pain of somatic or integumental
origin, but of little use for visceral pain. An exception is flunixin,
which appears to blunt visceral pain effectively in horses.125 The
efficacy of NSAIAs has been investigated for acute postoperative
pain. In dogs, the preemptive (preoperative) administration of
carprofen has been shown to induce superior postoperative anal-
gesia with less sedation than pethidine (meperidine) after ortho-
pedic surgery.126 Similarly, carprofen has been shown to induce
profound analgesia as effective as that induced by papaveretum,
but with quicker anesthetic recovery and less postrecovery seda-
tion.127 In horses, administration of carprofen, flunixin, and
phenylbutazone at the end of surgery were equally effective at in-
ducing postoperative analgesia, with flunixin providing the
longest action and phenylbutazone the shortest.128 In rats under-
going midline laparotomy, buprenorphine or carprofen adminis-
tration results in greater food and water consumption and less
weight loss than occur in rats receiving saline.129 The optimal
timing of NSAIA administration must be tailored to the individ-
ual patient in order to minimize side effects. In people, NSAIAs
have been shown to exert a limited preemptive effect; however,
the analgesic effects must be balanced against side effects, such
as bleeding and impaired renal function.74 Carprofen and melox-
icam administered to healthy dogs prior to anesthesia had no ad-
verse effects on renal function.130–132 These studies used young,
healthy dogs with normal renal function, and the degree of hy-
potension was moderate. Thus, caution should be used when con-
sidering the timing of NSAIA administration to clinical patients,
particularly in older patients that may have subclinical renal
compromise. Although NSAIAs are an integral part of many
multimodal analgesic protocols, it is often safer to administer the
NSAIAs postoperatively to avoid the concurrent potentially
detrimental renal effects of NSAIAs and hypotension.

The pharmacokinetics of NSAIAs varies widely among
species. Following oral administration, wide species variations in
plasma concentration result in part from the size of the gastroin-
testinal tract and gastric emptying time, which affect the rate of
absorption and the rate of metabolism and elimination.133 Toxi-
city of the NSAIAs also varies widely among species and drugs
and deserves some consideration.125 The most common toxic
side effects include gastric and intestinal ulceration, with second-
ary anemia and hypoproteinemia. Impaired platelet function and
delayed parturition have been reported. Nephropathy can occur
in patients with hypovolemia, congestive heart failure, or other
cardiovascular impairment (anesthesia) caused by inhibition of
renal prostaglandin function in the face of increased norepineph-
rine and angiotensin II. Chronic or repeated use has been associ-
ated with chronic interstitial nephritis and renal papillary necro-
sis. Phenylbutazone and dipyrone have been associated with
blood dyscrasias.

�2-Adrenergic agonists (e.g., xylazine, detomidine, medetomi-
dine, dexmedetomidine, and romifidine) are generally regarded
as sedative-hypnotics and are most commonly administered to
induce sedation.134,135 They possess some analgesic action, as
well. Xylazine has been shown to be a more potent analgesic

agent in horses for the relief of both visceral and somatic pain
than opioids and NSAIAs.136,137 �2-Agonists exert their sedative
effects through stimulation of �2-adrenoceptors in the brain, de-
creasing norepinephrine release. Sedation results from decreased
activity of ascending neural projections to the cerebral cortex and
limbic system.121,122 Analgesia appears to be the result of both
cerebral and spinal effects, possibly in part mediated by sero-
tonin and the descending endogenous analgesia system.123 �2-
Adrenergic and opioid receptors appear to interact in ways that
are not fully understood.123,134,138 Administration of �2-agonists
(i.e., clonidine) has been shown to relieve symptoms of with-
drawal in opioid-dependent people.139–142 They have also been
used to “rescue” opioid-induced analgesia that has waned fol-
lowing chronic administration. The combination of an opioid 
and an �2-agonist enhances and prolongs analgesia in dogs and
cats, and these combinations have been used for some years in
horses.141–145

Although xylazine is the most commonly used sedative-
analgesic in veterinary medicine, its comparative pharmacokinet-
ics have not been studied extensively.135 When administered in-
travenously, xylazine has a rapid onset and brief action. There is
a wide variation in species sensitivity and response to xylazine.
Detomidine is more potent and longer acting than xylazine.
Medetomidine use in small animal practice has been re-
viewed.146 Medetomidine is the most potent and selective �2-
agonist in veterinary practice to date. In addition to having
profound sedative and analgesic activity, �2-agonists induce car-
diovascular and metabolic responses also related to their periph-
eral adrenergic effects. Following their administration, arterial
blood pressure increases and then decreases; cardiac output de-
creases.147 Medetomidine (1 to 20 µg/kg intravenously) reduces
cardiac index significantly in dogs, although the reduction is gen-
erally less with the use of lower doses (1 and 2 µg/kg).148 Insulin
release is inhibited, resulting in hyperglycemia.149–151 Urinary
output is increased as a result of decreased arginine vasopressin
release and decreased water reabsorption by nephrons.149,152–154

Analgesia can be induced by neural blockade of the nociceptive
nerves or tracts by local infiltration, by regional nerve blocks, or
by epidural or intrathecal injection of local anesthetic agents.
Analgesia so induced is complete in the area blocked. Intercostal
nerve blockade and intrapleural local anesthetic administration
have been advocated to relieve pain following thoracotomy and
presumably produce better alveolar ventilation postoperatively
than when opioid-induced analgesia is present.155,156 Digital
nerve blocks or distal limb ring blocks with lidocaine and bupi-
vacaine are an excellent means to control postoperative pain from
declaw procedures in cats. Nonpharmacological methods of pain
relief (rehabilitation therapy) can be used to good effect. These
include immobilization and support with casts, splints, or ban-
dages; appropriate use of hot or cold packs; and physical therapy
such as massage and stretching.157

When pain is severe and acute, opioids are the most effective
analgesics under most circumstances. These drugs do, however,
have relatively short half-lives and thus require supplemental
dosing. Most will provide analgesia within 30 min of adminis-
tration. Duration of action varies but is usually on the order of 2
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to 4 h. Surgically induced pain may require the use of opioids
for 1 to 2 days postoperatively. Intra-articular morphine admin-
istration following joint surgery has been shown to relieve pain
effectively for many hours postoperatively.158 The NSAIDs gen-
erally are not sufficient by themselves to relieve severe postop-
erative pain. The NSAIDs can be used in combination with opi-
oids postoperatively to good effect because these 2 classes of
agents have differing mechanisms and sites of action. Further,
NSAIDS can be continued when opioids are no longer neces-
sary. Generally, NSAIDs provide good analgesia where pain is
induced by inflammation or is chronic and of integumentary or
musculoskeletal origin and are typically administered at 12- to
24-h intervals.

Although the foregoing discussion has focused on the use of
analgesics to control pain in conscious patients, one must not ig-
nore their use in patients that are chemically restrained. Animals
are frequently anesthetized for diagnostic and manipulative pro-
cedures that are otherwise difficult or not possible in conscious
patients. Where pain is not present or caused by the procedure
(e.g., radiology), only muscle relaxation and hypnosis or seda-
tion are required for patient management. However, when the
procedure is painful or invasive, the protocol should be chosen to
ensure that analgesia is sufficient to prevent the patient from per-
ceiving pain. The phencyclidine derivatives ketamine and tileta-
mine induce a dissociative cataleptoid state, somatic analgesia,
and altered consciousness. The patient is immobilized but not re-
laxed or fully unconscious, and analgesia is incomplete. The dis-

sociative state is poorly understood, but it is believed that somatic
analgesia results from the interruption or dissociation of ascend-
ing nociceptive input as painful stimuli traverse the thalamoneo-
cortical system. The dissociative agents are excellent for chemi-
cal restraint and immobilization, but should be supplemented
with an analgesic for invasive procedures and particularly those
involving visceral manipulation. Several studies have assessed
and documented the analgesic efficacy of epidurally adminis-
tered ketamine; however, the safety of epidural ketamine has not
been fully established.159,160 Ketamine has long been known to
induce analgesia for superficial pain (e.g., skin incisions) but not
deep pain. Ketamine has been used to help prevent sensitization
(windup) of the nociceptive pathways in the spinal cord. Keta-
mine blocks the effects of glutamate, an excitatory neurotrans-
mitter, at the NMDA receptor. Stimulation of the NMDA recep-
tor has been theorized to be a key component in sensitizing
nociceptive pathways after surgery or trauma. The exact role that
ketamine may play in preventing exaggerated pain states is not
known at this time; however, ketamine might be doing more
good than any of us realized.161–167

Recommended doses and dose intervals (where available) for
selected analgesics used in common domestic species are listed
in Tables 3.3 through 3.6. As with any therapeutic regimen, the
response should be monitored, and where pain has not been ade-
quately relieved, additional therapy should be considered.
Extrapolation of data from one species to another should be
avoided where specific information for pain therapy is available.
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Table 3.3. Doses of analgesics for use in dogs.

Drug Dose (mg/kg) Route Frequency/Duration

Opioid agonists
Fentanyla 0.001 to 0.002 IV 0.25 to 0.5 h

0.001 to 0.006b CRI (mg/kg/h) Duration of infusion
+ ~0.5 h

0.01 to 0.04c CRI (mg/kg/h) Duration of infusion
+ 0.5 to 1.0 h

Hydromorphone 0.02 to 0.1 IV, IM, SC 1 to 4 h
Methadone 0.1 to 1.0 IV, IM, SC 1 to 4 h
Oxymorphone 0.02 to 0.1 IV, IM, SC 1 to 4 h
Morphinea 0.05 to 1.0 IV, IM, SC 1 to 4 h

0.1 to 0.3 mg/kg/h CRI Duration of infusion
+ 0.5 to 1.0 h

Preservative-free morphine 0.1 to 0.2 Epidural 6 to 24 h
Partial opioid agonist
Buprenorphine 0.005 to 0.02 IV, IM 4 to 8 h
Opioid agonist-antagonist
Butorphanol 0.1 to 0.5 IV, IM, SC 0.25 to 2.0 h
�2-Agonistse

Medetomidine 0.01 to 0.04 IM 0.5 to 2.0 h
(Postop: low dose) 0.001 to 0.002 IV 0.5 to 1.0 h

Xylazine 0.1 to 0.5 IM, SC 0.5 to 2.0 h
(Postop: low dose) 0.1 to 0.2 IV 0.5 to 1.0 h

(continued)
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Table 3.3. Doses of analgesics for use in dogs (continued).

Drug Dose (mg/kg) Route Frequency/Duration

Local anesthetics
Bupivacaine 1.5 to 3.0 Local blocks 2 to 6 h

Intrapleural
1.0 to 1.5 Epidural 4 to 6 h
0.1 to 0.5f Epidural 4 to 6 h

Lidocaine 1 to 2 Local blocks 1 to 2 h
Prior to bupivacaine

NMDA receptor antagonist
Ketamine 0.25 to 0.5 IV Loading dose

0.01 to 0.02 mg/kg/h CRI Duration unknown
NSAIDsg

Carprofen 2.2 SC, IM, PO 12 h
4.4 SC, IM, PO 24 h

Deracoxib 3 to 4 PO (max. 7 days) 24 h
1 to 2 PO 24 h

Firocoxib 5 PO 24 h
Ketoprofen 1 to 2 SC 24 h
Meloxicam 0.2 IV, SC, PO (once) 24 h

0.1 IV, SC, PO 24 h

BID, twice a day; CRI, constant-rate infusion; IM, intramuscularly; IV, intravenously; NMDA, N-methyl-D-aspartate; NSAIDs, nonsteroidal anti-
inflammatory drugs; PO, per os (orally); SC, subcutaneously; SID, once a day.
aFentanyl doses may be increased incrementally above the recommended dose, provided the patient is monitored for respiratory depression and bradycardia.
bHigh doses of fentanyl are associated with bradycardia and hypoventilation, and usually decrease anesthetic gas requirements.
cMust be administered slowly to avoid side effects, such as hypotension and excitement.
dThese doses have been compiled from many sources and reflect doses used by the authors. The wide variability of recommended doses appears related to the
variety and severity of stimuli used to establish the individual drug’s analgesic activity in a given species. Doses are intended as guidelines only. Clinical
judgment must be exercised to provide effective analgesia in a given situation.
ePostsurgical doses and duration of effect have not been clearly established. Use cautiously to avoid profound cardiac depressant effects.
fBupivacaine dose when combined with preservative-free morphine at 0.1 mg/kg.
gDo not use in the presence of hypovolemia, hypotension, renal disease, gastrointestinal bleeding, or coagulopathies.
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Table 3.4. Doses of analgesics for use in cats. 

Drug Dose (mg/kg) Route Comments

Opioids
Butorphanol 0.1 to 0.4 IV, IM Short acting (less than 90 min).

Increasing the dose does not provide more intense or 
longer periods of analgesia.

Buprenorphine 0.01 to 0.02 IV, IM, transmucosal
Fentanyl 0.005 to 0.01 IV May take up to 12 h to reach effective plasma 

concentration.
25 µg/h patch Transdermal Uptake affected by body temperature.

Hydromorphone 0.05 to 0.1 IV, IM SC route associated with vomiting.
Doses of 0.1 mg/kg and higher can produce hyperthermia.

Meperidine 5 to 10 IM Must not be given IV.
Morphine 0.2 to 0.5 mg/kg IV, IM May be less effective in cats compared with other 

species because of a lack of active metabolites.
Oxymorphone 0.05 to 0.01 IV, IM
NSAIDs Do not use in hypotensive or hypovolemic patients.
Carprofen 1 to 4 SC Not licensed for cats in the United States.

Should not be repeated.
Ketoprofen 1 to 2 SC Not licensed for cats in the United States.

Can be repeated with care (1 to 5 days at 1 mg/kg).
Meloxicama 0.2 or 0.1 SC, IV, PO One dose. Dose depends on degree of pain (e.g., ortho-

pedic vs. soft tissue).
0.1 Repeat once daily for 3 days.
0.025 mg/kg Alternate day or twice weekly.
(0.1 mg/cat) lean weight

Local anesthetics
Lidocaine 2 to 4 Local anesthetic blocks Duration of action 1 to 2 h.

Constant-rate infusions not recommended in cats because 
of cardiovascular depression.

Bupivacaine 2 Local anesthetic blocks Duration of action 4 to 5 h.
�2-Agonists Use with great care in cats with cardiovascular disease.
Medetomidine 0.005 to 0.02 IV, IM, SC Low doses combined with an opioid offer good sedation 

0.01 Epidural and analgesia.
Other
Ketamine 2 IV No published data about cats on the efficacy of low-dose 

constant-rate infusions.

IM, intramuscularly; IV, intravenously; PO, per os (orally); SC, subcutaneously.
aThe only licensed NSAID for cats in the USA. The oral formulation is off-label; however, this has been used in cats with careful attention to dose delivered.
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Table 3.5. Doses of analgesics for use in horsesa. 168

Drug Dose (mg/kg) Route Frequency/Duration

NSAIDs
Phenylbutazone 2.2 to 4.4 IV, PO SID-BID
Flunixin 1.1 IV, IM, PO SID-BID
Ketoprofen 2.2 IV, IM SID-BID
Carprofen 0.7 IV, PO SID-BID
Opioids
Butorphanol 0.01 to 0.02 IV q 2 to 4 h
Morphine 0.02 to 0.1 IV q 2 to 4 h

0.1 to 0.2 Epidural q 12 to 24 h
Preservative-free

morphine (1 mg/mL) 5 to 10 mL Intra-articular Once
Fentanyl 0.001 to 0.002 IV q 0.25 to 0.5 h

0.001 mg/kg/h CRI
Fentanyl transdermal patch 1 to 3 patches per horse 72 h

(10 mg or 100 µg/h patches)
Local anesthetics
Lidocaine 1 to 2 Infiltration 1 to 2 h
Lidocaine CRI 2 IV (loading dose administered 

over 20 min)
30 to 50 µg/kg/min CRI

Lidocaine patch Undetermined at this time Transdermal
Bupivacaine 1 to 2 Infiltration 6 to 8 h
�2-Agonists
Xylazine 1.0 to 2.2 IM 0.5 to 2.0 h

0.3 to 1.0 IV 0.5 h
25-mg total dose Epidural—added to morphine

Detomidine 0.005 to 0.01 IV 1 to 2 h
0.01 to 0.02 IV, IM 1 to 2 h
0.03 to 0.06 Epidural 2 to 3 h
0.01 Epidural—added to morphine

BID, twice a day; CRI, constant-rate infusion; IM, intramuscularly; IV, intravenously; PO, per os (orally); SC, subcutaneously; SID, once a day.
aThese doses have been compiled from many sources and reflect doses used by the authors. The wide variability of recommended doses appears related to the
variety and severity of stimuli used to establish the individual drug’s analgesic activity in a given species. Doses are intended as guidelines only. Clinical
judgment must be exercised to provide effective analgesia in a given situation.
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Table 3.6. Doses of analgesics for use in ruminants and swinea. 169

Drug Dose (mg/kg) Route Frequency Species

NSAIDs
Aspirin 50 to 100 PO q 12 h Cattle

50 to 100 PO q 12 h Sheep/goat
10 PO q 4 h Swine

Phenylbutazone Not recommended Cattle
5 IV, PO Daily Sheep, llama
4 IV, PO Daily Swine

Flunixin 1.1 IV q 12 h Cattle, llama
2.2 IV q 12 h Sheep

Ketoprofen 1 to 3.3 IV, IM Daily Ruminants/llama
Opioids
Butorphanol 0.044 to 0.07 IV q 4 h Cattle

0.05 to 0.2 IV, IM q 4 h Camelid
0.1 to 0.5 IV, IM, SC q 4 h Sheep
0.1 to 0.2 IV, IM, SC q 4 h Goats

Buprenorphine 0.005 to 0.01 IV, IM, SC q 12 h Sheep, goats
Morphine 0.05 to 0.5 IV, IM, SC q 4 to 6 h Ruminants/camelids

0.1 Epidural q 12 h Ruminants/camelids
0.2 IV, IM q 4 to 6 h Swine

Fentanyl Patch 0.002 to 0.004 IV q 0.25 to 0.5 h Ruminants
0.002 Transdermal q 72 h Sheep
(equivalent to 15 mg/70-kg sheep)

Local anesthetics
Lidocaine Do not exceed 10 mL (2% lidocaine) Adult sheep/goats

Do not exceed 1 mL (2% lidocaine) Dehorning young kids
4 to 5 mL (2%) Epidural Cattle
1 to 2 mL (2%) Epidural Sheep

Bupivacaine 1 to 2 mg/kg Infiltrations Ruminants/camelids
�2-Agonists
Xylazine 0.1 IM As needed Cattle

0.05 to 0.1 IM As needed Sheep
1 IM As needed Swine

Detomidine 0.01 IV As needed Cattle

IM, intramuscularly; IV, intravenously; PO, per os (orally); SC, subcutaneously.
aThese doses have been compiled from many sources and reflect doses used by the authors. The wide variability of recommended doses appears related to the
variety and severity of stimuli used to establish the individual drug’s analgesic activity in a given species. Doses are intended as guidelines only. Clinical
judgment must be exercised to provide effective analgesia in a given situation.
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Introduction
A fundamental understanding and appreciation of the role of the
cardiovascular system and circulatory dynamics are paramount
for safe anesthetic practice. The uptake, distribution, and elimi-
nation of anesthetic drugs depend on blood flow. The importance
of the cardiovascular system to patient well-being and the diverse
effects of drugs used in the practice of anesthesia on hemody-
namics emphasize the need to have a working knowledge of he-
modynamics to monitor patient status adequately. The cardiovas-
cular system, which is composed of the heart, blood vessels,
lymph vessels, and blood, is designed to supply a continuous
flow of oxygen and nutrients to all tissues of the body. Oxygen

and nutrient supply and waste removal are facilitated by major
exchange organs, including the lungs, where blood becomes oxy-
genated and carbon dioxide is removed; the gastrointestinal sys-
tem, where nutrients are absorbed and solid and liquid wastes are
eliminated; and the kidneys, where additional by-products of me-
tabolism are excreted. More specifically, the principal function of
the heart is to pump blood, of the vasculature to carry blood to
and from the heart and facilitate exchange processes in the pe-
ripheral tissues, and of the blood to function as the transport
medium, or solvent, for all the body homeostatic and exchange
processes.

Oxygenated blood returning from the lungs enters the left ven-
tricle via the left atrium and mitral valve, and is ejected into the
aorta, which, through an elaborate array of major arteries, distrib-
utes blood to all the tissues of the body. The end branches of
these major arteries—the arterioles—differentially regulate
blood flow and give rise to a vascular bed of small vessels—the
capillaries—where oxygen and nutrients are exchanged for the
by-products of cellular metabolism. The capillaries, in turn, re-
combine to form venules and veins that return blood to the right
atrium, right ventricle, and lungs (Fig. 4.1). Circulation of blood
depends on a functional heart, normal blood vessels, and ade-
quate blood volume, and serves to maintain a constant internal
environment for all living cells.

This chapter reviews the physiology of the cardiovascular sys-
tem. A stepwise approach is taken that describes the structure 
and function of the heart, blood vessels, lymphatic system, and
blood. This is followed by a discussion of the neural, humoral,
and local control mechanisms that regulate cardiovascular func-
tion. Methods for assessing cardiovascular function are briefly
reviewed, followed by a general discussion of diseases of the car-
diovascular system.

Functional Anatomy of the Heart and
Circulation
Heart
The structure of the cardiovascular system is well suited for its
function: the delivery of oxygen and nutrients to peripheral tis-
sues and removal of the by-products of cellular metabolism. The
heart, as one key component of the cardiovascular system, func-
tions to pump blood throughout the body. The heart is composed
of four chambers: two thin-walled atria separated by an intera-
trial septum, and two thick-walled ventricles separated by an in-
terventricular septum. The boundaries of the various chambers
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are easily defined by the great veins (cranial and caudal vena
cava), which return blood to the right atrium; the smaller pul-
monary veins, which return oxygenated blood from the lung to
the left atrium; the coronary sulcus, which demarcates the atria
from the ventricles; and the anterior and posterior interventricu-
lar (longitudinal) sulci, which separate the right and left ventri-
cles (Fig. 4.2A).

The paraconal branch of the left main coronary artery, fre-
quently referred to as the left anterior descending coronary artery
in humans, provides the blood supply to the ventricular septum
and left ventricular free wall. The subsinuosal coronary artery,

most frequently an extension of the left circumflex coronary ar-
tery (the other major branch of the left main coronary artery), but
occasionally can branch off of the right coronary artery, provides
the blood supply to the posterior left ventricle. The right coronary
artery provides the blood supply to the right ventricular free wall
and the posterior wall of the left ventricle (Fig. 4.2B). The left
coronary artery is generally dominant in dogs and the right coro-
nary artery is dominant in cats and horses. The atria receive blood
returning from the systemic circulation (right atrium) and pul-
monary circulation (left atrium), and to a limited degree act as
storage chambers. The ventricles, the major pumping chambers of
the heart, are separated from the atria by the tricuspid valve on the
right side and the mitral valve on the left side. The ventricles re-
ceive blood from their respective atria and eject it across semilu-
nar valves (the pulmonic valve between the right ventricle and
pulmonary artery and the aortic valve between the left ventricle
and aorta) into the pulmonary circulation (right ventricle) and sys-
temic circulation (left ventricle). Once the process of cardiac con-
traction is initiated, almost simultaneous contraction of the atria is
followed by nearly synchronous contraction of the ventricles,
which results in pressure differences between the atria, ventricles,
and pulmonary and systemic circulations. Cardiac contraction
produces differential pressure changes that are responsible for
atrioventricular and semilunar valve opening and closing and the
production of heart sounds (S1, S2, S3, and S4). Chordae tendineae
originating from papillary muscles located on the inner wall of the
ventricular chambers are attached to the free edges of the atri-
oventricular valve leaflets and help to maintain valve competence
and prevent regurgitation of blood into the atrium during ventric-
ular contraction. Alteration in heart chamber geometry (e.g.,
stretch or hypertrophy) produced by changes in blood volume, de-
formation (pericardial tamponade), or disease can have profound
effects on myocardial function, as do the effects produced by neu-
rohumoral, metabolic, and pharmacological perturbations.

Blood Vessels
The principal role of blood vessels and the vascular network is to
carry blood to and from oxygen-exchange and nutrient-exchange
sites: the capillaries.1 The large and small vessels of the pul-
monary and systemic circulations facilitate the delivery of blood
to the exchange sites in the pulmonary and systemic capillary
beds and return blood to the heart. The aorta and other large ar-
teries compose the high-pressure portion of the systemic circula-
tion and are relatively stiff compared to veins, possessing a high
proportion of elastic tissue in comparison to smooth muscle and
fibrous tissues. This structural difference enables the aorta to
stretch following ventricular contraction and the ejection of
blood. The potential (stored) energy in the stretched aorta follow-
ing cardiac contraction is returned as kinetic (motion) energy and
blood flow during ventricular relaxation. The highly elastic ar-
chitecture of the aorta facilitates the continuous, albeit nonuni-
form, flow of blood to peripheral tissues throughout the cardiac
cycle (contraction-relaxation-rest) and has been termed the
Windkessel effect. The Windkessel effect is believed to be respon-
sible for as much as 50% of peripheral blood flow in most
species during normal heart rates. Tachyarrhythmias and vascu-
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Fig. 4.1. The cardiovascular system is comprised of the heart,
blood, and two parallel circulations (pulmonary and systemic).
Pulmonary circulation: The pulmonary artery carries blood from the
right ventricle (RV) to the lungs, where carbon dioxide is eliminated
and oxygen is taken up. Oxygenated blood returns to the left atrium
(LA) via the pulmonary veins. Systemic circulation: Blood is pumped
by the left ventricle (LV) into the aorta, which distributes blood to the
peripheral tissues. Oxygen and nutrients are exchanged for carbon
dioxide and other by-products of tissue metabolism in capillary beds,
after which the blood is returned to the right atrium (RA) through the
venules and large systemic veins. Modified from Shepherd and
Vanhoutte,102 p. 3.
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lar diseases (stiff nonelastic vessels) hamper the Windkessel ef-
fect and produce distinctive changes in the arterial pressure
waveform. More distal larger arteries contain greater percentages
of smooth muscle compared to elastic tissue and act as conduits
for the transfer of blood under high pressure to tissues. The most
distal small arteries, terminal arterioles, and arteriovenous anas-
tomoses contain a predominance of smooth muscle, are highly
innervated, and function as resistors that regulate the distribution
of blood flow, aid in the regulation of systemic blood pressure,
and modulate tissue perfusion pressure. The capillaries are the
functional exchange sites for oxygen, nutrients, electrolytes, cel-
lular waste products, and other substances. These vessels are
generally no more than one or two cell layers thick and comprise
that portion of the vasculature with by far the largest surface area.
Capillaries are of three different types: continuous (lung and
muscle), fenestrated (kidney and intestine), and discontinuous
(liver, spleen, and bone marrow). All capillaries are highly
porous and are found in varying numbers in different tissue beds,
depending on tissue metabolism and the importance of fluid ex-
change. Postcapillary venules are composed of an endothelial
lining and fibrous tissue and function to collect blood from cap-
illaries. Some venules act as postcapillary sphincters, and all
venules merge into small veins. Small and larger veins contain
increasing amounts of fibrous tissue in addition to smooth mus-
cle and elastic tissue, although their walls are much thinner than
comparably sized arteries. Many veins contain valves that act in
conjunction with external compression (contracting muscles and
pressure differences in the abdominal and thoracic cavities) to fa-
cilitate the return flow of blood to the right atrium. The venous

system also acts as a major blood reservoir. Indeed, 60% to 70%
of the blood volume may be stored in the systemic venous vascu-
lature during resting conditions (Fig. 4.3).

Two additional structural components that are important dur-
ing normal circulatory function are arteriovenous anastomoses
and the lymphatic system. Arteriovenous anastomoses, as the
name implies, bypass capillary beds. They possess smooth mus-
cle cells throughout their entire length and are located in most, if
not all, tissue beds. Most arteriovenous anastomoses are believed
to be extremely important in regulating blood flow to highly vas-
cular tissue beds (skin, feet, and hoofs). Their role in maintaining
normal homeostasis, however, is speculative other than for ther-
moregulation.

The peripheral lymphatic system is not anatomically part of
the blood circulatory system. Nevertheless, it is integrally in-
volved in maintaining normal circulatory dynamics, especially
interstitial fluid volume (approximately 10% of the capillary fil-
trate). Lymphatic capillaries collect interstitial fluid—lymph—
which is eventually returned to the cranial vena cava and right
atrium after passing through a series of lymph vessels, lymph
nodes, and the thoracic duct. Lymph vessels have smooth muscle
within their walls and contain valves similar to those in veins.
Contraction of skeletal muscle (lymphatic pump) and lymph ves-
sel smooth muscle, in conjunction with lymphatic valves, are re-
sponsible for lymph flow.

Blood
Blood is the fluid (approximately 60% plasma and 40% cells) re-
sponsible for carrying oxygen, nutrients, and other bloodborne
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Fig. 4.2. A: The heart is a pump comprised of two thin-walled and two thick-walled chambers and a highly reactive and diffuse vascular net-
work (coronary circulation). The thin-walled right atrium (RA) and left atrium (LA) are separated from each other by a membranous septum (be-
tween the right and left atria). The interventricular septum (IVS) lies between the right and left ventricles. The tricuspid valve (TV) and mitral valve
(MV) lie between the RA and RV and the LA and LV, respectively. The pulmonary and aortic (AV) valves separate the RV and LV from the pul-
monary artery (PA) and aorta (Ao), respectively. B: A fibrous trigone located at the center of the heart provides the scaffolding to which the heart
valves, atria, and ventricles are attached. The right and left coronary arteries emerge from the base of the aorta and with the paraconal arteries
to supply blood to all the chambers of the heart including the heart valves.
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substances to all the tissues of the body and for delivering carbon
dioxide, the by-products of cellular metabolism, and foreign sub-
stances (e.g., anesthetic drugs) to the appropriate organs of elim-
ination. This suspension of red and white blood cells and
platelets in plasma is also responsible for maintaining a normal
cellular environment (homeostasis), prevention of hemorrhage
(clotting), and defense against foreign substances (immunity).2

The most essential function of blood is to deliver oxygen to tis-
sues. Oxygen is relatively insoluble in plasma (0.003 mL per 100
mL per 1 mm Hg partial pressure of oxygen [PO2]; approxi-
mately 0.3 mL per 100 mL at PO2 = 100 mm Hg). The erythro-
cytes (red blood cells [RBCs]) transport much larger amounts of
oxygen than can be carried in solution, and the actual amount
that can be carried depends on the amount of hemoglobin (Hb) in
the erythrocytes. The balance between oxygen delivery by whole
blood and oxygen partial pressure in the tissues and cells has
evolved to incorporate a diverse group of regulatory processes
designed to accommodate the encapsulation of Hb within RBCs.
Hemoglobin exists as a tetramer (molecular weight, 64 kDa) con-
sisting of two � and two � polypeptide chains. Each polypeptide
chain contains heme and a central iron molecule that can bind
oxygen.3 The affinity of Hb for oxygen depends on the partial
pressure of carbon dioxide (PCO2), pH, body temperature, the in-
traerythrocyte concentration of 2,3-diphosphoglycerate and the
chemical structure of Hb (Fig. 4.4A).3 Heme must be in the re-
duced or ferrous state (Fe2+) to bind oxygen. Methemoglobin is

formed when the iron is oxidized to the ferric state (Fe3+), and
this form of Hb cannot bind oxygen. Hemoglobin is maintained
in the Fe2+ state inside the RBC by reduced nicotine-adenine
dinucleotide (NADH)–methemoglobin reductase. Carboxyhe-
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Fig. 4.3. Blood is unevenly distributed throughout the circulatory
system. The largest portion of the blood volume is contained within
the systemic veins. Relatively small changes in venous capacity can
alter the heart’s filling pressure dramatically, causing predictable
changes in cardiac output (Q), peripheral vascular resistance (R), and
arterial blood pressure (P). Decreases in filling pressure, for example,
decrease Q and P and increase R. Modified from Shepherd and
Vanhoutte,102 p. 11.
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Fig. 4.4. A: The oxyhemoglobin-dissociation curve illustrates the
relationship between the blood partial pressure of oxygen (PO2) and
the saturation of hemoglobin (Hb) with oxygen (O2). Note that this
curve is right shifted (Hb has less affinity for O2) by acidosis (d pH c
carbon dioxide [CO2]), increases in body temperature, and the en-
zyme 2,3-diphosphoglycerate (2,3-DPG). This effect helps to unload
O2 from Hb in metabolizing tissues and increases Hb affinity for O2 in
the lungs. The total arterial oxygen content (CaO2) is determined by
the total blood Hb concentration, its percent saturation (%SaO2), and
the arterial oxygen partial pressure. B: The hemoglobin (Hb) concen-
tration and the blood viscosity (µ) determine oxygen delivery to tis-
sues. There is an “ideal” Hb or packed cell volume (PCV; 3 � Hb =
PCV) at which oxygen delivery to tissues is optimized. cP, centi-
Poise.
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moglobin, sulfhemoglobin, and cyanmethemoglobin are other
Hbs that are not capable of reversible associations with oxygen.
Once the amount of deoxygenated Hb (unsaturated Hb) exceeds
5 g/100 mL in arterial blood, the blood changes from red to blue
(cyanosis). Some of the carbon dioxide produced by metaboliz-
ing tissues binds to deoxygenated Hb and is eliminated by the
lungs during the Hb oxygenation process prior to the blood re-
turning to the systemic circulation and the cycle repeating itself.

Encapsulation of Hb within RBCs has important biological
consequences, including the rate of its saturation with oxygen, its
intravascular half-life, prevention of renal toxicity, and mainte-
nance of colloid osmotic pressure. The PO2 at which Hb is half-
saturated with oxygen is termed the P50. The P50 varies among
species (23 to 32 mm Hg), and free Hb (lysed RBCs and blood
substitutes) has a lower P50 than does blood (Fig. 4.4A). The high
intracellular concentration of 2,3-diphosphoglycerate compared
to plasma facilitates the release of oxygen from Hb and helps
maintain a physiologically relevant P50 (26 to 28 mm Hg). Once
free in the plasma (hemolysis), Hb dissociates into �� dimers,
which initially bind to haptoglobin and are removed by the liver.
Depletion of haptoglobin leads to clearance of free Hb dimers by
the kidneys. Renal clearance of large quantities of Hb dimers can
result in their precipitation in the proximal tubules, leading to
renal tubular damage and renal failure.4 Free Hb also increases
the colloid osmotic pressure of whole blood.

Blood is a nonhomogeneous suspension of particles (non-
Newtonian fluid). Therefore, the concentration of RBCs, RBC
interactions, and fluid characteristics of whole blood determine
its fluidity, flow resistance, velocity, and local shear stress, which
modifies cardiac output, cardiac work, blood flow distribution,
and oxygen delivery to tissues. Oxygen delivery to tissues plays
a very important role in determining microcirculatory autoregu-
latory responses, with increases in PO2 causing vasoconstriction
and vice versa. Changes in packed cell volume (PCV) require ap-
propriate shifts in the viscosity (µ) of whole blood in order to op-
timize oxygen delivery to tissues. Small decreases impact PCV,
and blood µ (hemodilution) generally increases blood flow veloc-
ity and decreases diffusional oxygen exit from the arterioles,
thereby augmenting oxygen delivery to tissues (Fig. 4.4B).
Intentional hemodilution (e.g., crystalloid or colloid administra-
tion) to improve oxygen delivery, however, is limited by the
“transfusion trigger” (about 6 to 8 g/dL). When the Hb concen-
tration decreases below this range, the decreased amount of oxy-
gen carried by Hb may cause tissue hypoxia. Fortunately, in-
creases in plasma µ induce vasodilatation, thereby helping to
preserve capillary perfusion and functional capillary density,
suggesting that the transfusion trigger is also a viscosity trigger
and that both PCV and µ must be considered together when se-
lecting fluid therapy.

Maintaining adequate tissue oxygenation depends on oxygen
uptake by the lungs, oxygen delivery (DO2) to and oxygen ex-
traction (OE) by tissues, and oxygen use by the metabolic ma-
chinery within cells. The factors that determine the supply of
oxygen to tissues are Hb concentration, the affinity of Hb for
oxygen (P50), the saturation of Hb with oxygen (SaO2), the arte-
rial oxygen partial pressure (PaO2), the cardiac output (CO), and

the tissue oxygen consumption (VO2). The Fick, or oxygen con-
sumption, equation (VO2 = CO [CaO2 � CvO2]) contains all the
essential components of this relationship. The Fick equation can
be used to derive oxygen delivery (DO2 = CO � CaO2), oxygen
extraction (OE = CaO2 � CvO2), and the oxygen extraction ratio
(OER = CaO2 � CvO2/CaO2), noting that all of the equations
contain the term CaO2 and are therefore mathematically coupled.
Arterial blood oxygen content (CaO2) is calculated by CaO2 =
Hb � 1.35 � SaO2 + PaO2 � 0.003. Arterial blood (Hb = 15
g/dL; PCV = 45%), for example, contains approximately 20 to 21
mL of oxygen/dL of blood when the SaO2 = 100% and the PaO2
= 100 mm Hg (room air). The venous blood oxygen content
(CvO2) is generally 14 to 15 mL/dL yielding an OER of 0.2 to
0.3 (20% to 30%). Decreased hemoglobin concentrations (para-
sitism, hemorrhage, and hemodilution) cause oxygen extraction
to increase to maintain the requisite oxygen delivery required by
metabolizing tissues. The critical DO2 and OER are approxi-
mately 5.0 mL/kg/min and 0.6 (60%) in normal healthy dogs,
suggesting that most dogs and other mammals have significant
reserve. An increase in arterial blood lactate concentration is the
cardinal sign of inadequate oxygen delivery to metabolizing tis-
sues and suggests that oxygen consumption has become delivery
dependent or that some defect in tissue oxygen extraction or use
has developed.

Hemorrheology
Hemorrheology is the study of blood flow in the vascular sys-
tem.5,6

Pressure, Resistance, and Flow
In electric circuits, current flow (I) is determined by the electro-
motive force or voltage (E) and the resistance to current flow (R)
according to Ohm’s law:

I = E/R

The flow of fluids (Q) through nondistensible tubes depends on
pressure (P) and the resistance to flow (R). Therefore, and in the
most general terms,

Q = P/R

The resistance to blood flow is determined by blood viscosity (�)
and the geometric factors of blood vessels (radius and length).
The steady, nonpulsatile, laminar flow of Newtonian fluids (ho-
mogenous fluids in which viscosity does not change with flow
velocity or vascular geometry), like water, saline, and, under
physiological conditions, plasma, can be described by the
Poiseuille-Hagen law, which states

Q = (P1 � P2) r4�/8L�; R = 8L�/r4�

where P1 � P2 is the pressure difference, r4 is the radius to the
fourth power, L is the length of the tube, � is the viscosity of the
fluid, and �/8 is a constant of proportionality.7 The maintenance
of laminar flow is a fundamental assumption of the resistance of-
fered to steady-state fluid flow in the Poiseuille-Hagen equation.
This law, although frequently used for assessing blood flow in
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the vascular system, is descriptive only and must be kept in per-
spective when considering the real-life situation, because blood
is not a homogenous fluid and blood flow is not steady, but pul-
satile, and is not always laminar. These differences from the ide-
alized steady laminar flow of Newtonian fluids through nondis-
tensible tubes of constant radius have important consequences on
the quantity of blood flow to peripheral tissue beds, oxygen de-
livery, and the distribution of blood flow between tissue beds.

The relationship between vessel (or chamber when describing
the heart)-distending pressure, vessel diameter, vessel wall thick-
ness, and vessel wall tension is described by Laplace’s law:

P = 2Th/r or T = Pr/2h

where T is wall tension, P is developed pressure, r is the internal
radius, and h is the wall thickness. This relationship is extremely
important because it relates pressure and vessel dimension to
changes in developed tension, which is known to be an important
determinant of ventricular-vascular coupling (afterload), my-
ocardial work, and myocardial oxygen consumption.8

Viscosity
Since blood is a non-Newtonian fluid that is delivered through
progressively narrowing blood vessels in a pulsatile nonlaminar
or even turbulent manner, how can blood flow be accurately char-
acterized? More specifically, how can the resistance (R) to blood
flow be thought of in functional terms? First, the major factors
influencing blood flow resistance (Rp) are blood viscosity (�)
and impedance (Z), which collectively can be considered vascu-
lar hindrance:9,10

Rp = � � Z

It should be noted that the term Rp is not the same as R in Ohm’s
law or the equivalent thereof in the Poiseuille-Hagen equation
(8L�/r4�), but represents the resistance to blood flow in a pul-
satile (Rp; p = pulsatile) or oscillatory non–steady-state or, sim-
ply stated, more physiological system. The resistance (R) term in
the two previous examples is more correctly thought of in terms
of a nonpulsatile, nonoscillatory, and nonphysiological system.

The viscosity term (�), although of lesser importance than Z in
determining Rp, depends on RBC concentration or hematocrit,
RBC aggregability and deformability, plasma viscosity, tempera-
ture, and blood flow conditions.6 The rheological term that char-
acterizes blood flow conditions is shear rate, which is a function
of blood flow velocity and vascular geometry. The viscosity of
blood is shear rate dependent. Viscosity decreases as shear rate
increases according to this equation:

� = shear stress (dynes/cm2)/shear rate (s�1)

where shear stress is the force applied during pulsatile blood flow
between theoretic layers of blood in the blood vessel. It is inter-
esting that shear rate gradually increases and � decreases as large
arteries become smaller, and is greatest in the capillaries regard-
less of low flow rates and then decreases in venules and large
veins. This phenomenon, known as the Fahraeus-Lindquist ef-
fect, is attributed to “plasma skimming” and RBC deformability;
that is, viscosity in capillaries is low because RBCs may only be

able to pass through capillaries single file, permitting the devel-
opment of a cell-free layer of plasma next to the capillary wall
that, in conjunction with RBC folding, increases the cell-free
component of blood compared to the situation in larger blood
vessels.9 The smaller the vessel, the greater is the effect. Under
normal circumstances, the most important variable in determin-
ing � is the hematocrit.

The optimum hematocrit for transporting the most oxygen per
unit time to tissues varies among species (e.g., human, 47%; dog,
46%; cow, 32%; horse, 42%; and camel, 27%) because of differ-
ences in anatomy and circulatory dynamics. Dogs and horses
also can contract their spleen, providing additional RBCs (rais-
ing the hematocrit) and oxygen-carrying capacity during times of
stress or exercise. High hematocrits (polycythemia), low blood
flow conditions (shock), increased RBC aggregability, rouleaux
formation (sepsis), and hyperproteinemia (dehydration) can all
cause � to increase, resulting in a decrease in oxygen delivery to
tissues (Fig. 4.5). Hematocrits greater than 65% lead to sludging
of blood in capillaries and venules and dramatically increase the
work of pumping blood. Hemodilution (fluid administration) is
often beneficial in treating these conditions and has been used
during anesthesia to reduce RBC loss and improve oxygen deliv-
ery during low blood flow states.11,12 Indeed, the optimum hema-
tocrit for dogs subjected to hemorrhagic shock and an arterial
blood pressure of 50 mm Hg is 20% to 25% (Fig. 4.5).9 The ad-
vent and clinical use of hemoglobin-based oxygen-carrying solu-
tions derived from human, bovine, or synthetic sources have pro-
vided an alternative method for oxygen delivery to tissues. Their
development has markedly increased our understanding of oxy-
gen uptake, delivery, and use and ushered in new ideas regarding
the mechanisms responsible for the distribution of blood flow
and the control of the microcirculation.

Impedance
The impedance (Z) term, the second key factor in determining
blood flow in pulsatile systems, is a measure of the opposition to
flow presented by pulsatile blood flow in an elastic vascular sys-
tem.10 Quantitatively, impedance is the relationship between pul-
satile pressure and pulsatile flow in arteries:

ZL = P1 � P2/Q (ZL = RP + R)

where ZL represents longitudinal impedance, which is the sum of
the pulsatile (Rp) and steady nonpulsatile resistive (R) compo-
nents of longitudinal arterial resistance. Under normal (non-
stressed) conditions, the steady nonpulsatile resistive component
represents 90% of the total impedance to blood flow while the
pulsatile component comprises 10%. This fact (R = 90% of ZL) is
the principal reason so many investigators and clinicians calcu-
late vascular resistance from Ohm’s law. The components of ZL

may change considerably, however, in diseased animals or during
pharmacological manipulation, with Rp becoming much more
important.

Impedance is determined by the various frequency compo-
nents that comprise the arterial pressure and flow waveforms, is
measured by applying a Fourier or harmonic analysis to these
waveforms, and is expressed as a ratio or modulus and phase
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(Fig. 4.6). A positive phase value indicates that flow harmonics
lag behind pressure harmonics, and vice versa, the key point
being that impedance is a frequency-dependent, not time-
dependent, index. Input impedance (Zi), the ratio of pressure and
flow at an arterial site that is considered to be the input to the vas-
cular tree (e.g., the aortic root), depends on local arterial proper-
ties (e.g., elastance or compliance), the properties of all the ves-
sels beyond the point of measurement down to the points where
pulsations and pulse-wave reflections from narrowing arteries
(particularly arterioles) and vessel bifurcations disappear.
Impedance to blood flow, therefore, is viewed as having a resis-
tive (steady state) component due primarily to the arterioles and
a reactive (pulsatile) component due to vessel wall properties
(compliance, elastance, and pulse-wave reflection). Low systolic
arterial pressure enables more complete ventricular ejection,
maintains low myocardial oxygen demands, and provides little
stimulus for hypertrophy. High diastolic pressure ensures ade-
quate coronary blood flow and myocardial perfusion because the
majority of myocardial blood flow occurs during ventricular re-
laxation. Increases in arterial stiffness increase pulse-pressure
amplitude and systolic pressure, and decrease diastolic pressure.
Poorly timed wave reflections generally increase diastolic pres-
sure (increase Z). The totality of these effects increases myocar-
dial work, oxygen consumption, and energy requirements, and
decreases myocardial perfusion. Ideally, the best match between
the heart’s pumping activity and the vascular response to the
ejection of blood (ventricular-vascular coupling) is obtained

when myocardial work is kept as low as possible (low systolic
pressure) while adequate perfusion of the heart and peripheral
tissues (high diastolic pressure) is maintained.13–15 Within per-
fusing limits, a reduction in mean arterial pressure (a character-
istic of most anesthetic drugs) improves arterial distensibility, de-
lays pressure-wave reflections, and causes a smaller reduction in
diastolic pressure than does hypovolemia. Anesthesia and anes-
thetic drugs also produce variable effects on hematocrit, RBC
deformability, and plasma protein concentrations, leading to al-
terations in �, which, when combined with changes in Z, may fa-
vorably affect ventricular-vascular coupling, providing hypoten-
sion (mean, less than 50 to 60 mm Hg) does not occur.9,16,17

Turbulence
Pulsatile blood flow may be laminar with a longitudinal velocity
that takes the form of a parabola or may be irregular or turbulent
(Fig. 4.7). More pressure, myocardial release of energy, and work
are required to pump blood when the flow is turbulent. The po-
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Fig. 4.5. The effects of changes in hematocrit (% Hct) on an index
of oxygen transport (Hct/�). The arrow marked N represents a rela-
tively normal Hct. The arrow marked D represents a patient with ane-
mia or hemodilution. The dashed line represents the normal situation
when Hct is the only variable. The solid line represents the response
to changes in Hct when plasma viscosity (�) is increased, red cell ag-
gregation (aggreg) is increased, red cell deformability (deform) is de-
creased, or blood flow rate is decreased. Modified from Lasala et al.,6

p. 210.

Fig. 4.6. The impedance modulus and phase of a hypothetical aor-
tic impedance spectra. The impedance modulus decreases from 0 Hz
(R, peripheral vascular resistance) to a low value that oscillates
around a characteristic value (Z0) because of pulse-wave reflections
(RF). Negative phase values indicate that flow harmonics lead pres-
sure harmonics and vice versa.
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tential for turbulence to develop in blood vessels can be predicted
by a dimensionless number called the Reynolds number (RN):18

RN = pDv/�

where p is fluid density, D is vessel diameter, and v is the mean
blood flow velocity. The blood viscosity (�) is inversely propor-
tional to the Reynolds number and is an important determinant of
turbulent blood flow. Turbulence usually produces periodic wave
fluctuations and vibrations of the surrounding tissue structures,
leading to murmurs and, with time, vascular dilation caused by
weakening of the supporting elements of the vessel wall. Chronic
or acute hemodilution (fluid therapy) reduces hematocrit; there-
fore, �, leading to an increase in Reynolds number and the pro-
duction of “functional” cardiac murmurs. Furthermore, flow re-
striction caused by congenital disease (aortic or pulmonic
stenosis) or blood vessel narrowing leads to an increase in the ve-
locity of blood flow as predicted by the continuity equation which
states that blood flowing through different areas of a continuous
intact vascular system must be equal; therefore, blood flow
through a narrowing or narrowed orifice must increase. The flow
downstream from the obstruction or narrowing is usually turbu-
lent with multiple velocities and directions. Cardiac diseases (pul-
monic and aortic stenosis) and vascular diseases (thrombophle-
bitis) that narrow valve openings or blood vessels increase v and
are important causes of murmurs. Blood flow velocity measure-
ments can be assessed clinically by Doppler echocardiography and
the Bernoulli equation, �P = 4v2, with the assumption that veloc-
ity distal to the obstruction is significantly greater than the veloc-
ity proximal to the obstruction and therefore may be ignored.

The Heart
The purpose of the heart is to pump blood in quantities sufficient
to meet the body’s metabolic and exercise demands. To achieve
this function requires a highly integrated series of electric, me-
chanical, and metabolic events that culminate in repetitive con-
traction and relaxation of the myocardium.

Electrophysiology
Normal cardiac electric activity is essential for normal cardiac
contractile function (excitation-contraction coupling). Indeed,
myocardial contraction is preceded by, and will not occur with-
out, electric activation, although normal or near-normal electric
activity is possible without myocardial contraction (electric-
mechanical uncoupling; electric-mechanical dissociation). The
cardiac cell membrane (sarcolemma) is a highly specialized lipid
bilayer that contains protein-associated channels, pumps, en-
zymes, and exchangers in an architecturally sophisticated, yet
fluid (reorganizable and movable), medium. Most drugs and
many anesthetic drugs produce important direct and indirect ef-
fects on the cell membrane and intracellular organelles, ulti-
mately altering cardiac excitation-contraction coupling.

The molecular composition and fluidity of cardiac membranes
determine their ion transport and membrane-associated electric
properties. The unequal distribution of different ions, especially
sodium, potassium, and chloride, is responsible for the develop-
ment of the resting membrane potential of cardiac cells as pre-
dicted by the Nernst equation or, more accurately, the Goldman-
Hodgkin-Katz constant-field equation.19–21
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Fig. 4.7. Velocity profiles for laminar and turbulent blood flow. Note that during turbulent blood flow vortices develop and that both axial and
mean velocities are lower than during laminar flow. Vmax, maximum velocity.
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Nernst equation:

E = (RT/ZF) ln(KI/Ko)
�61 = 2.303 RT/F
E = �61 mV/Zlog (Ci/Co)

where

E = electromotive force
Ci and Co = ion concentration inside (i) and outside (o) the cell

membrane
Z = valence
R = gas constant
T = absolute temperature
F = Faraday constant
2.303 = conversion of ln to log 10
mV = millivolts at 37°C

Goldman-Hodgkin-Katz equation:

Em = �61 mV log [K]i + (PNa/PK) [Na]i

[K]o + (PNa/PK) [Na]o

where

Em = resting membrane potential
PNa/PK ratio = relative permeability of membrane Na to K, nor-

mally 0.04 in myocardial cells

The transmembrane electric potential generated by cardiac cells
is the result of transmembrane ion fluxes (active properties)
through “gated” membrane pores or channels (Table 4.1).21 Ion
channels are characterized by their ionic selectivity, conductance,
gating characteristics, and density. The channel-gating mecha-
nisms control ion passage and are composed of both activation
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Table 4.1. Currents associated with the cardiac action potential

Current Abbreviation Qualities

Fast inward sodium current INa Responsible for upstroke of action potential; abolished by 
tetrodotoxin; inhibited by class I antiarrhythmic agents

Slow inward calcium current ICa and Isi Important for plateau phase of cardiac action potential; 
involved in excitation-contraction coupling; increased by 
ß stimulation; inhibited by calcium antagonist

Subtype T ICa(t) Transient calcium current, opening at low voltages (�60 to 
�50 mV); may be important in sinus node depolarization

Subtype L ICa(l) Long-duration calcium current; inhibited by calcium 
antagonists

Background potassium current (inward rectifier) IK1 or IKir Helps to maintain resting membrane potential
Voltage-gated delayed reactifier potassium IK (includes Kr and Ks) Time-dependent outward potassium current; activated by 

currents depolarization (fully active at +10 mV) and deactivated by
repolarization; voltage gated; responsible for repolarization
in nodal cells and contributes to spontaneous depolariza-
tion; divided into IKr (r = rapid) and IKs (s = slow)

Early transient outward potassium current I to Transient outward early potassium current, previously called 
chloride current; prominent in epicardial ventricular cells,
Purkinje fibers, and atrial cells; causes phase 1; may also
shorten action-potential duration

Other currents
Diastolic pacemaker current in sinoatrial If or Ih Produces automaticity in sinoatrial node and Purkinje fibers

node and Purkinje fibers
Sodium-calcium exchange current I NA/CA Contributes to late phase of cardiac action potential
Chloride current ICl Activated by cAMP; shortens action-potential duration during 

adrenergic stimulation

Ligand-operated G-dependent K currents
Acetylcholine sensitive IKACh Activated by acetylcholine muscarinic receptors in nodal, 

Purkinje, and atrial cells; not in ventricles; time independ-
ent; when current switched on in nodal cells, spontaneous
depolarization is delayed

Adenosine sensitive IKADO Probably same as IKACh; adenosine stimulates time-
independent background potassium current

Adenosine triphosphate (ATP) regulated IKATP Lack of ATP activates (e.g., ischemia); inhibited by sulfony-
lureas, activated by K-channel activators (pinacidil)

cAMP, cyclic adenosine monophosphate.
Modified from Opie.106



and inactivation gates, which are voltage and frequently time de-
pendent. The functional configuration of the gates determines
channel state: activated or open, inactivated or closed, and rest-
ing (capable of being activated). The directional movement (in-
ward or outward) of the various ions ultimately depends on chan-
nel state and the electrochemical driving force (equilibrium
potential minus membrane potential) for each ion. The electro-
chemical driving force, as illustrated by the Nernst equation, is
composed of an electric force and a concentration gradient. It
should be noted that in the presence of many anesthetic drugs,
particularly local anesthetics (lidocaine or mepivacaine), and in-
halation anesthetics (halothane, isoflurane, or sevoflurane), these
same channels may demonstrate use-dependent block.22,23 Use-
dependent block is the phenomenon exhibited by cardiac cells
wherein, in the presence of a drug, increases in stimulation rate
(e.g., heart rate) produce a more pronounced drug effect on the
electrophysiological properties of the heart than during slower
rates of stimulation.

Excitability, or the ability of the cardiac cell membrane to gen-
erate an electric potential (action potential), is a fundamental in-
trinsic property of cardiac cells.19 The action potential of cardiac
muscle varies considerably from that of nerves and skeletal mus-
cle. The cardiac action potential arises from a more negative
membrane potential (90 vs. 65 mV), is greater in magnitude (130
vs. 80 mV), and is much longer in duration (150 to 300 vs. 1 ms).
Five characteristic phases of the cardiac action potential are dis-
cernible in most cardiac cells: Phase 0, or the phase of rapid de-
polarization, is caused by the rapid and relatively large influx of
sodium ions (fast inward current) into the cell; phase 1, the early
phase of repolarization, is caused by the transient outward move-
ment of potassium ions; phase 2, the plateau phase, is attributed
to the continued, but decreased, entry of sodium ions and a large,
but slow, influx of calcium ions (slow inward current) into cells;
phase 3 is the phase of repolarization during which the mem-
brane potential returns to its resting value because of potassium
efflux (outward current) from the cell; and phase 4 is a resting
phase in atrial and ventricular muscle cells prior to the initiation

of the next action potential (Fig. 4.8 and Table 4.2). The magni-
tude and rate of sodium influx into cardiac cells determine the
magnitude and rate of change in membrane potential (dV/dt) dur-
ing phase 0 of the cardiac action potential. The greater the dV/dt,
the more rapid are the transmission and conduction of the cardiac
impulse through cardiac tissue.20 Cardiac cells that normally
possess a more negative membrane potential (atrial and ventric-
ular muscle cells, and Purkinje cells) demonstrate greater ex-
citability and a more rapid conduction velocity than those with
less negative membrane potentials (sinoatrial and atrioventricular
nodes, and diseased myocardium).23 Calcium entry into cardiac
cells during phase 2 triggers intracellular calcium release, which
is important for normal cellular contraction and, with potassium,
determines action-potential duration in atrial and ventricular my-
ocytes. Since calcium enters the cell slowly and at a less negative
membrane potential, cardiac cells with a reduced resting mem-
brane potential (sinoatrial and atrioventricular nodes) demon-
strate a considerably decreased dV/dt and slow conduction veloc-
ity compared to atrial and ventricular muscle and Purkinje
cells.20 Potassium efflux from cardiac cells is controlled by a va-
riety of mechanisms, including concentration differences across
the membrane and the changing permeability (diffusional) char-
acteristics of the cell membrane to potassium (Table 4.1). Collec-
tively, the channels responsible for phase 3 repolarization are
also the major determinants of cardiac action-potential duration,
cardiac cell refractoriness, and the duration of the supernormal
period (Fig. 4.8). The duration of the cardiac action potential has
important clinical implications relative to the amount of calcium
entry and the potential for arrhythmia development.22 Longer
cardiac action potentials permit more calcium entry into the cell
and prolong cellular refractoriness. Arrhythmias develop if there
are large disparities or inhomogeneities in the action-potential
duration and refractoriness of adjacent cardiac cells because of
reentry of electric impulses and reexcitation of the heart (see the
Cardiac Arrhythmias section).24 Reentry is one mechanism
whereby the ultra-short-acting barbiturates and inhalation anes-
thetics are known to produce cardiac arrhythmias.
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Fig. 4.8. Cardiac transmembrane
potential changes associated with
fast-response and slow-response ac-
tion potentials. Note that slow-
response action potentials originate
from a less negative resting mem-
brane potential and have a much
slower rate of rise (phase 0). During
the supernormal period, a subthresh-
old stimulus can elicit a normal action
potential. See the text for an explana-
tion of the action-potential phases 1
through 4. ERP, effective refractory
period; and RRP, relative refractory
period.
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Phase 4 diastolic depolarization (pacemaker potential) occurs
in the sinoatrial and atrioventricular nodes and atrial and ventric-
ular (Purkinje network) specialized tissues.20,21 Diastolic depo-
larization imparts the unique property of automaticity to the
heart. The resting membrane potential depolarizes toward a
threshold potential in tissues with this property, which when
reached triggers the development of an action potential. The
ionic processes responsible for phase 4 or diastolic depolariza-
tion vary between the various specialized tissues of the heart
primarily because of differences in their resting or maximum di-
astolic potential and cell type (e.g., sinoatrial node vs. atrioven-
tricular node vs. Purkinje cell). Cells in the sinoatrial and atrial
ventricular nodes have comparatively less negative maximum di-
astolic potentials (�65 mV) than do Purkinje cells and depend
on the entry of calcium ion (slow inward current) and a progres-
sive decrease in membrane permeability to potassium efflux for
their automaticity (Fig. 4.9). Automatic cells in atrial specialized
pathways and the ventricular Purkinje network have a more neg-
ative maximum diastolic potential (�90 mV) and depend on a
hyperpolarizing-induced “funny” inward current, termed If, car-
ried mainly by sodium ions and a decrease in potassium efflux
for their automaticity (Table 4.1). Because potassium ions nor-
mally leave cardiac cells in order to restore or maintain the rest-
ing membrane potential, any decrease in potassium efflux facili-

tates depolarization. The principal mechanisms responsible for
altering automaticity are changes in the threshold potential, the
rate of phase 4 depolarization, and the maximum diastolic poten-
tial following repolarization. The cardiac tissue with the most
rapid rate of phase 4 depolarization (normally the sinoatrial
node) is termed the pacemaker and determines the heart rate. The
cardiac pacemaker normally depresses the automaticity of slower
or subsidiary pacemakers (overdrive suppression), preventing
more than one pacemaker from controlling heart rate. In mechan-
ical terms, overdrive suppression in subsidiary pacemakers is due
to activation of the sodium ion–potassium ion (Na+-K+) pump,
leading to membrane hyperpolarization and a longer time to
reach threshold.20,22 Subsidiary pacemakers are most suppressed
at fast heart rates because the Na+-K+ pump is more active at
faster rates, resulting in a more negative maximum diastolic po-
tential. Automaticity is also influenced by local factors, including
temperature, pH, and blood gases (PO2 and PCO2), extracellular
potassium concentration, catecholamines, and various hormones
(Fig. 4.9).

The algebraic sum of all the action potentials produced by
each cardiac cell following activation by the sinoatrial node is re-
sponsible for the body surface electrocardiogram (ECG [Fig.
4.10]). Initiation of an electric impulse in the sinoatrial node is
followed by rapid electric transmission of the impulse through
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Fig. 4.9. The transmembrane potential
of cardiac tissue within the sinoatrial node
(pacemaker tissue) is characterized by a
less negative maximum diastolic poten-
tial, which depolarizes toward threshold
(phase 4 diastolic depolarization), a slow
phase 0 caused primarily by activation of,
and a relatively rapid repolarization due
to, IK. The rate of phase 4 diastolic depo-
larization (automaticity) can be increased
by increases in heart rate, temperature,
calcium, catecholamines, and thyroxine
and decreases in oxygen tension and ex-
tracellular potassium concentration.

Table 4.2. Major ion fluxes during the cardiac action potential

Name Ion Movement Current Phase of Action Potential

INa Na+ In Inward 0 Depolarization
I to K+ Out Outward 1 (early repolarization)
ICl Cl– In Outward 1 Early repolarization
ICa Ca2+ In Inward 2 Plateau
IK1 K+ Out Outward 2 Plateau
Ik K+ Out Outward 3 Repolarization
I f Na+ In Inward 4 Depolarization in automatic cells

Open IK1 channels in resting cells are the major contributors to the equilibrium responsible for the Nernst potential during phase 4 (resting potential).
Modified from Katz.107



the atria, giving rise to the P wave. Repolarization of the atria
gives rise to the Ta wave, which is most obvious in large animals
(horses and cattle), where the total atrial tissue mass is substan-
tial enough to generate enough electromotive force to be electro-
cardiographically recognizable. Repolarization of the atria in
smaller species (dogs and cats) and depolarization of the sinoa-
trial and atrioventricular nodes do not generate a large enough
electric potential to be recorded at the body surface except in
cases of sinus tachycardia. Repolarization of the atria or Ta
waves can be observed in dogs and cats with increased heart
rates. Once the wave of depolarization reaches the atrioventricu-
lar node, conduction is slowed because of the atrioventricular
node’s low resting membrane potential (approximately �60 mV)
and the relatively depressed rate of phase 0 (decremental conduc-
tion). Increased parasympathetic tone can produce marked slow-
ing of atrioventricular nodal conduction, leading to first-degree,
second-degree, and, rarely, third-degree heart block. Many drugs
used in anesthesia, including opioids, �2-adrenergic agonists,
and occasionally acepromazine, increase parasympathetic tone,
causing heart block and bradyarrhythmias (see the Cardiac
Arrhythmias section). The use of antimuscarinic drugs atropine
and glycopyrrolate is generally effective therapy in these situa-
tions unless the block is caused by structural disease (e.g., in-
flammation, fibrosis, or calcification).

Under normal conditions, conduction of the electric impulse
through the atrioventricular node produces the PR or PQ interval
of the ECG and provides time for the atria to contract prior to ac-
tivation and contraction of the ventricles. This delay is function-
ally important, particularly at faster heart rates, because it en-
ables atrial contraction to contribute to ventricular filling. It is
worth remembering that cells of the atrioventricular node are ex-

tremely dependent on calcium ion for the generation of an action
potential and conduction of the electric impulse. Thus, cells of
the atrioventricular node are extremely sensitive to drugs that
block transsarcolemmal calcium flux, like large doses of anes-
thetics (inhalant and injectable anesthetics) and the so-called cal-
cium antagonists verapamil and diltiazem. These and other drugs
and cardiac disease can produce atrioventricular block and post-
repolarization refractoriness that are not responsive to anticholin-
ergic drugs. Post-repolarization refractoriness is the phenomenon
wherein cardiac cells remain refractory to electric activation after
complete repolarization.22,24 This phenomenon is most likely to
produce atrioventricular block as the rate of atrial depolarization
is increased. Increases in parasympathetic tone, therefore, partic-
ularly in the presence of drugs or disease (ischemia) that interfere
with conduction of the electric impulse through the atrioventric-
ular node, can lead to ECG evidence of first-degree (prolonged
PR interval), second-degree (blocked P wave), or third-degree
(dissociation of P and QRS complex) atrioventricular block.

Once the electric impulse has traversed the atrioventricular
node, it is rapidly transmitted to the ventricular muscle by spe-
cialized muscle cells commonly referred to as Purkinje fibers.
Bundles of Purkinje cells—the right and left bundle branches—
transmit the electric impulses to the ventricular septum and the
right and left ventricular free walls, respectively, via the modera-
tor band in the right ventricle and the left anterior and posterior
divisions of the left bundle branch in the left ventricle. Purkinje
cells and the so-called M or midmyocardial cells located at the
terminal ends of the ventricular bundle branches and in the mid-
dle of the ventricular walls, respectively, have the longest action
potential and therefore serve as physiological “gates” preventing
the reentry and recycling of electric impulses in the ventricular
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Fig. 4.10. The transmembrane po-
tential (action potential) recorded
from all the tissues of the heart (spe-
cialized tissue and muscle) sum-
mate to produce the P-QRS-T com-
plex of the electrocardiogram (ECG)
recorded at the body surface. AV,
atrioventricular node; brs, branches;
int, interval; LA, left atrium; LV, left
ventricle; m, muscle; RA, right
atrium; RV, right ventricle; SA, sinoa-
trial node; and seg, segment.
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myocardium.20 The relatively long duration of M cell action po-
tential is believed to be, in part, responsible for the development
of U waves in the ECG. Purkinje fibers conduct the electric im-
pulse at relatively rapid speeds (3 to 5 m/s) based on their size
and electric properties (Fig. 4.10). Their distribution accounts for
differences in the pattern of the ECG (ventricular depolarization)
among species. Purkinje fibers have much longer action poten-
tials and refractory periods than do ventricular muscle cells,
which normally prevents reentry of the electric impulse and reac-
tivation of the ventricles (see the Cardiac Arrhythmias section).

It is important to remember that—although the transmission of
the electric impulse has, by analogy, been compared to dropping
a pebble in water, leading to a concentric wave front, or, in the
case of the heart, a concentric wave of depolarization—the con-
duction of the electric impulse in the heart ultimately depends on
uniform (isotropic) cell-to-cell resistive and capacitative (pas-
sive) membrane properties that are largely determined by low-
resistance gap or nexus junctions between cells and the spatial
variation in myocardial cell refractoriness.25–27 The configura-
tion and magnitude of the T wave vary considerably among
species and are influenced by changes in heart rate, blood tem-
perature, and the extracellular potassium concentration. Hyper-
kalemia, for example, produces an increase in membrane con-
ductance to potassium. This shortens repolarization and produces
T waves that are of large magnitude, generally spiked or pointed,
and of short duration (short QT interval).

The interval beginning immediately after the S wave of the
QRS complex (J point) and preceding the T wave is referred to
as the ST or ST segment and is important clinically. Elevation or
depression of the ST segment (±0.2 mV or greater) from the iso-
electric line is usually an indication of myocardial hypoxia or is-
chemia, low cardiac output, anemia, pericarditis, or cardiac con-
tusion, and suggests the potential for arrhythmia development.
Rarely, U waves can be distinguished immediately following the
completion of the T wave and are believed to represent repolar-
ization of M cells and possible Purkinje cells.20 Like Ta waves,
U waves are more frequently observed in larger species (horses
and cattle) during electrolyte imbalances (hypokalemia or hypo-
calcemia) or drug therapy (quinidine or digitalis) (Fig. 4.10).

In summary, the cardiac cell membrane possesses both active
(ion movement) and passive (resistive and capacitive) properties
that determine the heart’s excitability, automaticity, rhythmicity,
refractoriness, and ability to conduct an electric impulse.
Anesthetic drugs, via their effects on both the active properties
(e.g., lidocaine, a sodium-channel blocker; barbiturates and in-
halants suppress calcium currents) and passive properties (e.g.,
volatile inhalant anesthetics change membrane fluidity and de-
press gap junctions) of the heart, can produce significant alter-
ations in cardiac excitability and conduction of the electric im-
pulse, ultimately predisposing patients to cardiac arrhythmias
and mechanical contraction abnormalities.28–33

Excitation-Contraction Coupling
Excitation-contraction coupling refers to the process wherein
electric activation of the heart is transformed to muscle contrac-
tion. The process begins with the cardiac action potential and de-

polarization, and ends with the interaction of the contractile pro-
teins in the individual sarcomeres. The normal extracellular
calcium-ion concentration is 10�3 M compared to an intracellu-
lar calcium-ion concentration of 10�7 M. The electric activation
of the sarcolemma and transverse tubule (T tubule) membranes
by the cardiac action potential causes an influx of a small quan-
tity of calcium ions during phase 2 of the cardiac action poten-
tial, triggering the release of a much greater quantity of calcium
(calcium-induced calcium release) from calsequestrin-bound cal-
cium sources in the sarcoplasmic reticulum. Calcium-induced
calcium release raises the intracellular calcium concentration
from 10�7 to 10�5 M and causes cellular contraction (Fig. 4.11).
The importance of calcium influx during phase 2 of the action
potential in the contractile process of cardiac muscle compared
to other muscles (skeletal and smooth) cannot be overempha-
sized, because cardiac contraction is more dependent on and re-
sponds instantaneously to changes in the extracellular calcium
concentration. Most calcium ions entering the cardiac cell do so
through voltage-dependent calcium channels, although some cal-
cium ions enter via the calcium-sodium exchange reaction.34

Calcium channels are located throughout the T-tubule system,
which penetrates deep into the cell interior. The T tubules abut
large terminal cisternae, which are the terminal portion of a dif-
fuse intracellular longitudinal tubular system: the sarcoplasmic
reticulum. Voltage-dependent calcium channels are of two types
(Table 4.1): a slow, long-lasting (L type) channel that is opened
by complete cellular depolarization, and a fast but transient (T
type) channel that is activated earlier than L-type channels and at
more negative potentials (Fig. 4.9). The exact mechanism
whereby the calcium channels (both L type and T type) of the T
tubules communicate with the calcium-release channels of the
sarcoplasmic reticulum remains unresolved. It is generally ac-
cepted that the majority of calcium entering the cardiac cell dur-
ing each action potential does so through the L-type channel, also
termed the dihydropyridine (DHP) receptor because of its sensi-
tivity to specific types of calcium antagonists (verapamil, dilti-
azem, and nifedipine-like compounds).35 Whether or not the
amount of calcium passing through the DHP receptor (L-type
channel) is essential for initiating the series of events leading to
cellular contraction, however, remains controversial, since it is
known that the rate of change of intracellular calcium concentra-
tion is the most effective activator of intracellular calcium release
from the sarcoplasmic reticulum. This latter observation suggests
that the rapid T-type channels may be important in the excitation-
contraction process. T-type channels activate at more negative
potentials than L-type channels and are insensitive to sodium-
channel blockers (e.g., lidocaine or tetrodotoxin) and calcium-
antagonist drugs.34 Taken together, these observations suggest
that T-type channels account for the early phase of calcium-
channel opening and may be important in initiating intracellular
calcium release and electric depolarization of less polarized tis-
sues, such as the sinoatrial and atrioventricular nodes.21,22 The L-
type (DHP receptor) channels are more prevalent in atrial and
ventricular muscle cells than are T-type channels, open at less
negative potentials, and may account for the latter phases of
calcium-channel opening.34 Both channels, however, are physio-
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logically linked via specialized proteins termed feet, which are
bridging or spanning proteins connecting them to the calcium-
release mechanism in the sarcoplasmic reticulum. The foot pro-
teins are a part of a high molecular weight protein complex in the
sarcoplasmic reticulum, termed the ryanodine receptor because
of its affinity for the insecticide ryanodine.35 Low concentrations
of ryanodine enhance calcium release, whereas large concentra-
tions inhibit calcium release from the sarcoplasmic reticulum.

To summarize, the large extracellular (10�3 M) to intracellular
(10�7 M) calcium-ion gradient facilitates the transsarcolemmal
flux of calcium ions through calcium channels (T type and pri-
marily L type) during the depolarization. The L-type channel can
be blocked by DHP drugs and is therefore called a DHP recep-
tor. The increase in intracellular calcium triggers the release of
calcium from specialized calcium channels (ryanodine receptors
in the sarcoplasmic reticulum), causing an increase in intracellu-
lar calcium-ion concentration (10�5 M), which causes myocar-
dial cellular contraction.

Contraction and Relaxation
Contraction
Cardiac myocytes are composed of contractile units termed sar-
comeres, which contain thick (myosin) and thin (actin) contrac-
tile proteins, regulatory proteins (troponin and tropomyosin), and
various structural proteins. The thick myosin filaments are com-
posed of approximately 300 molecules, each ending in a bilobed
head. Half (150) of the myosin bilobed heads are located at each
end of the sarcomere and project from the thick filament toward
the thin filaments (crossbridges). The thin filaments are attached
at one end to structural proteins (Z line) that separate each sar-

comere. Each thin filament contains two helical strands of actin
intertwined with tropomyosin, which has periodic troponin com-
plexes (Fig. 4.12). Increases in intracellular calcium initiated
during phase 2 of the cardiac action potential and amplified by
subsequent calcium-induced calcium release serve as the catalyst
for actin-myosin interaction and sarcomere shortening. More
specifically, calcium ions bind to the regulatory protein troponin
C (C for calcium), which removes the inhibitory function of tro-
ponin I (I for inhibitor) on the chemical interaction between actin
and myosin. Transformation of chemical energy into sarcomere
shortening and mechanical work centers on adenosine triphos-
phate (ATP) hydrolysis by myosin ATPase. Hydrolysis of ATP to
adenosine diphosphate (ADP) with the release of inorganic phos-
phate (Pi) produces a strong attachment between actin and
myosin and a conformational change in the bilobed myosin head
that causes the head to flex and the actin filaments to move cen-
trally, resulting in sarcomere shortening and/or tension (Fig.
4.12). Increases in intracellular calcium facilitate this chemical
process by increasing myosin ATPase activity. Therefore, by
combining with troponin C and increasing intracellular myosin
ATPase activity, calcium serves as the principal factor in deter-
mining the rate at which crossbridges attach and detach. The rate
of crossbridge interaction is the basis for the force-velocity rela-
tionship in isolated tissue experiments studying cardiac muscle
contractile activity (Fig. 4.13). The rate of crossbridge attach-
ment determines the velocity of sarcomere shortening and has
been termed cardiac contractility. Furthermore, by increasing the
number of interacting crossbridges, intracellular calcium in-
creases the maximum force attainable. Clinically, the rate of
pressure change (dP/dt) and the rate of force development
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Fig. 4.11. Calcium can enter the
cardiac cell during the cardiac ac-
tion potential (slow response), via a
calcium channel or in exchange for
intracellular sodium. Increases in in-
tracellular calcium trigger the re-
lease of calcium from the sarcoplas-
mic reticulum (SR) by a process
termed calcium-induced calcium re-
lease. Increases in intracellular cal-
cium (10–7 to 10–5 M) in the vicinity
of the contractile proteins cause the
myosin heads to flex, resulting in
sarcomere shortening. The use of
adenosine triphosphate (ATP) and
formation of adenosine diphosphate
and inorganic phosphate, in combi-
nation with reuptake of calcium by
the SR, cause the myosin head to
relax. Phospholamban modulates
the pump responsible for the reup-
take of calcium into the SR.
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Fig. 4.12. A cardiac muscle fiber contains an overlapping array of thin (actin) and thick (myosin) contractile proteins that produces various
bands (A, H, I, and Z) within each sarcomere when viewed microscopically. Note that both the transverse tubule (T tubule) and longitudinal tubule
systems facilitate the presence of relatively large amounts of extracellular calcium (10–3 M) in the vicinity of the contractile proteins (top).
Membrane depolarization initiates calcium entry into the cardiac cell, contractile protein interaction, and sarcomere shortening (left). More
specifically, the binding of calcium with troponin C (Tn-C) removes the inhibitory function of troponin I (Tn-I) on actin-myosin interaction. Troponin
t (Tn-t) links the troponin complex to tropomyosin (right).
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(dF/dt) in intact animals have been used as indirect, albeit crude,
measures of cardiac contractility.36,37

Optimal sarcomere length for actin-myosin interaction is ap-
proximately 2.2 microns. Lengths shorter or greater than this
were once thought to decrease the force of cardiac contraction by
theoretically decreasing the number of available myosin heads
for interaction with actin.36 The concept of optimal sarcomere
length relative to the velocity of sarcomere shortening serves as
the explanation for the Frank-Starling law of the heart, which

predicts an increase in contractile force when sarcomeres are
stretched (increased ventricular volume) to their optimal length
(Fig. 4.13). It is unlikely, however, that this explanation is totally
correct, since sarcomeres rarely change in length (or only mini-
mally so) when loaded, even during dilated forms of heart fail-
ure.35 The more accepted and probable explanation for Starling’s
law of the heart is that sarcomere loading increases troponin-C
affinity for calcium, leading to increased activation of the myofil-
ament and sarcomere shortening without increases in sarcomere
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Fig. 4.13. The relationship between
force development, velocity of muscle
fiber shortening, and muscle length in
an isolated cardiac muscle experiment.
Within physiological limits, force and
velocity increase as muscle length in-
creases (Frank-Starling effect), and
velocity decreases as developed force
increases. Isolated muscle experi-
ments are used to determine the direct
effects of drugs upon cardiac mechan-
ics without neurohumoral influences.
Although preload is frequently equated
to ventricular filling pressure and after-
load is clinically thought of in terms of
arterial blood pressure, the transfer of
experimental data obtained from iso-
lated muscle experiments to intact an-
imals must be done knowledgeably
and cautiously.
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length or additional increases in intracellular calcium.37 Many
intravenous anesthetic drugs (e.g., barbiturates, ketamine, and
propofol), and in particular the inhalation anesthetics, are known
to decrease cardiac contractility by decreasing calcium influx
through L-type channels, decreasing calcium release from the
sarcoplasmic reticulum and decreasing troponin-C sensitivity to
calcium.38–46 This has led to the relatively routine use of positive
inotropes (e.g., dopamine and dobutamine) to support cardiac
contractile force and vascular tone in high-risk patients in order
to increase cardiac output and arterial blood pressure.

Relaxation
Decreased interaction between actin and myosin filaments sig-
nals the beginning of the actin-myosin uncoupling process and
myocardial relaxation, and is directly related to a decrease in in-
tracellular calcium-ion concentration. Three principal mecha-
nisms are important in reducing intracellular calcium-ion con-
centration and the subsequent decrease in cardiac contractile
force. The depolarization-triggered increases in intracellular cal-
cium increase the activity of the calcium regulatory protein
calmodulin. Calmodulin serves as an intracellular calcium sensor
and, when activated (calmodulin-calcium complex), stimulates
the active extrusion of calcium by pumps in the sarcolemma, in-
creases the activity of a phospholamban-modulated calcium
pump (increasing calcium uptake by the sarcoplasmic reticulum),
and enhances the activity of the sodium-calcium exchanger.37

Notably, halothane (and other inhalants), ischemia, catechola-
mines, and acidosis interfere with the reuptake of calcium by the
sarcoplasmic reticulum, thereby interfering with the relaxation
process and ultimately leading to intracellular calcium deple-
tion.43,44 The calmodulin-calcium complex also inhibits the re-
lease of calcium from the sarcoplasmic reticulum. Mitochondrial
uptake of calcium ion only minimally buffers increases in intra-
cellular calcium concentration (Fig. 4.11). From this series of
events, it is clear that increases in intracellular calcium first en-
hance (through the calcium-induced calcium-release mechanism)
and then decrease (through the formation of the calmodulin-
calcium complex and related mechanisms) the concentration of
intracellular calcium, leading to cyclic sarcomere shortening and
lengthening and ultimately myocardial contraction (systole), re-
laxation, and rest (diastole) before the next electric event triggers
the mechanical process to repeat itself (Fig. 4.11).

The Cardiac Cycle and Pressure-Volume Loop
Historically, the cardiac cycle has been used as a diagrammatic
attempt to describe the electric (ECG), mechanical (pressure,
volume, and flow), and acoustic (heart sound) events associated
with cardiac contraction and relaxation as a function of time 
(Fig. 4.14A). Just as important (but not as descriptive) as the
time-varying cardiac cycle is the time-independent representa-
tion of the cardiac cycle: the ventricular pressure-volume loop
(Fig. 4.14B). The advantage of the pressure-volume loop com-
pared to the cardiac cycle is its ability to be used to assess load-
independent indices of ventricular systolic and diastolic perform-
ance, ventricular vascular interaction (coupling), and myocardial
energetics. Changes in the pressure-volume loop can also be used

to illustrate and quantitate the determinants of changes in cardiac
function: preload, afterload, and cardiac contractility.5,7,15,36 The
various qualitative components of the cardiac cycle and pressure-
volume loop are essentially identical for both the right and left
ventricles, although the sequence of electric activation and the
pressure changes is different.

Because electric activity precedes mechanical activity, the P
wave of the surface ECG is a reasonable starting point to begin
a description of the cardiac cycle (Fig. 4.14A). Electric activa-
tion of the atria produces the P wave of the ECG and causes al-
most simultaneous contraction of the atria. Atrial contraction in-
creases intra-atrial pressure, producing the “a” wave of the atrial
pressure curve. The atria (both right and left) normally function
as blood reservoirs and conduits for blood transfer and, upon
contraction, prime the ventricles by contributing approximately
10% to 30% (more at faster heart rates) of the blood volume that
fills the ventricles. The atrial contribution to ventricular filling is
frequently referred to as the atrial kick. The atrial kick brings the
atrioventricular valves into relatively close apposition prior to
ventricular contraction and is responsible for the fourth heart
sound (S4). Ventricular contraction is signaled by the R wave of
the ECG and begins after a variable delay (PR interval) during
which the electric impulse traverses the atrioventricular node
and Purkinje network. Once the ventricular pressure increases to
a value greater than that in the atrium, the atrioventricular valves
close, actually bulging into their respective atria and giving rise
to the “c” wave of the atrial pressure curve. The atrioventricular
valves are prevented from completely prolapsing into the atrial
chambers by chordae tendineae. The sudden development of
tension in the contracting myocardium and tensing of the chor-
dae tendineae coincident with atrioventricular valve closure are
responsible for the first heart sound (S1). The rapid increase in
ventricular pressure while both the atrioventricular (mitral and
tricuspid) and semilunar (aortic and pulmonic) valves are closed
is termed isovolumic contraction because the volume of the ven-
tricle remains constant (Fig. 4.14A and B). Once ventricular
pressure exceeds that in the aorta or pulmonary artery, the semi-
lunar valves open and ejection begins (Fig. 4.14A). The ejection
phase of the cardiac cycle is characterized by a slowing of the
increase in ventricular pressure after the semilunar valves open
and an abrupt decrease in ventricular volume. These changes co-
incide with a large increase in aortic flow velocity and a de-
crease in the venous pressure curve as the atrioventricular valves
are drawn toward the apex of the heart. Ventricular pressure ex-
ceeds aortic pressure during the first one-third of ventricular
ejection (rapid ejection period), reaches equilibrium with aortic
pressure, and thereafter, because of the onset of ventricular re-
laxation, declines more rapidly than aortic pressure. Blood con-
tinues to be ejected from the ventricle until the semilunar valves
close. Closure of the semilunar valves marks the end of ventric-
ular systole (by most definitions) and is associated with the de-
velopment of the second heart sound (S2). The second heart
sound is composed of both aortic (A2) and pulmonic (P2) com-
ponents and is frequently split (10 to 15 ms) during slow heart
rates and in larger species (horses and cattle).47 Rarely is the
volume of blood ejected (stroke volume [SV]) by the normal
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ventricle greater than 55% to 60% (ejection fraction [EF]) of its
total volume.

The period between closure of the semilunar valves and open-
ing of the atrioventricular valves is termed isovolumic relaxation
and marks the beginning of ventricular relaxation (Fig. 4.14A
and B). Isovolumic relaxation is characterized by a rapid de-
crease in ventricular pressure and no change in ventricular vol-
ume, and coincides with the V wave of the atrial pressure curve
(Fig. 4.14A). Once ventricular pressure falls below atrial pres-
sure, the atrioventricular valves open, initiating the phase of rapid
ventricular filling (possibly facilitated by ventricular suction) and

producing the third heart sound (S3). The third heart sound is be-
lieved to be caused by vibrations when the ventricular walls
reach their elastic limit during ventricular filling, is relatively
easily heard in larger species (horses and cattle), and gives rise to
the characteristic ventricular gallop in dogs and cats with dilated
forms of cardiac disease and increases in left atrial pressure.48

Ventricular filling proceeds more gradually after the initial rapid
filling phase, whereas ventricular pressure and volume increase
nonlinearly during late diastole (Fig. 4.14B). The slope of the
pressure-volume curve (dP/dV) during ventricular filling is an
index of ventricular stiffness, and its inverse (dV/dP) is used to
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Fig. 4.14. The cardiac cycle (A) diagrammatically illustrates the
relationship between mechanical, acoustical, and electrical events
as a function of time. The pressure-volume (PV) loop (B) is a time-
independent illustration of the cardiac cycle that can be used to de-
rive load-independent indices of cardiac function. Modified from
Berne and Levy,103 pp. 222 and 224. Isovol, isovolumic; and PV,
pressure-volume. 



assess ventricular compliance.49 The slow middiastolic ventricu-
lar-filling phase continues as blood returns to the atria from the
systemic and pulmonary circulations until the cardiac cycle is
reinitiated by the next electric impulse.50

Determinants of Performance and Output
The cardiac cycle and pressure-volume loop provide a picture of
the temporal hemodynamic events that occur during cardiac con-
traction and relaxation. Clinically, M-mode echocardiography
and color-flow Doppler echocardiography are used to assess ven-
tricular function. These techniques provide a dynamic temporal
representation of cardiac function and, when coupled with hemo-
dynamic computer software analysis systems, a pictorial and
quantitative assessment of cardiac performance (Fig. 4.15A to
C). The oxygen requirements of tissues are met by the continu-
ous adjustment of cardiac output (CO), which is the product of
heart rate (HR) and stroke volume (SV):

CO = HR � SV

Decreases in ventricular filling time and vascular autoregulatory
effects limit cardiac output at faster heart rates.7 Normal left ven-
tricular ejection velocity is between 1.0 and 1.5 m/s. Many in-
jectable anesthetics (barbiturates and propofol) and inhalant
anesthetics (halothane, isoflurane, and sevoflurane) decrease
ejection velocity and cardiac output. Stroke volume is the amount
of blood ejected from the ventricle during contraction and there-
fore represents the difference between the end-diastolic and end-
systolic ventricular volumes (SV = EDV � ESV [Fig. 4.14B]).
Traditionally, stroke volume has been considered to be primarily
determined by one intrinsic property, cardiac contractility, and
two vascular coupling factors, preload and afterload.15 The re-
finement and development of more descriptive methods for the
assessment of cardiac function, however, have led to the consid-
eration of relaxation (lusitropic) effects on stroke volume.50,51

Lusitropic (compliance = 1/stiffness) properties are those that are
responsible for ventricular chamber stiffness (dP/dV) or its in-
verse, compliance (dV/dP). Finally, ventricular wall motion ab-
normalities caused by ischemia, cardiac arrhythmias, myocardial
inflammation, and space-occupying lesions (tumors or pericar-
dial effusion) may influence stroke volume. It should be remem-
bered that changes in preload, afterload, or myocardial contrac-
tile (inotropic) and relaxant (lusitropic) properties can influence
one another and therefore influence stroke volume. These factors
in turn are all influenced by heart rate, leading to a complex in-
terplay of variables that collectively determine cardiac output
(Fig. 4.16).5,7,8

The terms preload and afterload, described earlier in this sec-
tion as two determinants of cardiac output, originated from iso-
lated muscle experiments in which preload represented the orig-
inal load, length, or stretch placed on the muscle prior to its
stimulation and contraction, and afterload represented the force
or tension developed before the ventricle ejects. Isolated cardiac
muscle studies continue to be essential for understanding and de-
scribing cardiac muscle physiology, metabolism, and muscle re-
sponses to various perturbations (hypoxia, ischemia, and drugs),
and are usually presented as three-dimensional plots of force, ve-

locity, and length (Fig. 4.13). Cardiac function in intact animals
is unlike isolated cardiac muscle, however, because ventricular
performance is determined by intrinsic and vascular coupling
factors and modulated by neurohumoral influences, the auto-
nomic nervous system, pericardial and intrathoracic constraints,
ventricular-vascular interaction, and atrial contraction.13,52,53

Regardless, the terms preload and afterload remain popular jar-
gon when describing ventricular performance in intact animals.

Preload
Preload in intact animals is usually explained in terms of the
Frank-Starling relationship or as heterometric autoregulation: in-
creases in myocardial fiber length (ventricular volume) (Figs.
4.16 and 4.17) increase the force of cardiac contraction and car-
diac output.8,15 Whether or not individual sarcomeres actually in-
crease in length (stretch) with increases in ventricular volume is
controversial (see the Contraction and Relaxation section); more
likely, the myofilaments develop an increased sensitivity to cal-
cium, resulting in an increase in contractile force.35 Regardless
of individual sarcomere length changes, the Frank-Starling rela-
tionship serves as an important compensatory mechanism for
maintaining stroke volume when ventricular contractility and af-
terload are acutely changed. Because of the difficulty in accu-
rately determining ventricular volume in the clinical setting, ven-
tricular diameter, ventricular end-diastolic pressure, pulmonary
capillary wedge pressure, and occasionally mean atrial pressure
are used as estimates of preload.50 The substitution of pressure
for volume, although common, must be done with the under-
standing that there are many instances (open-chest procedures
and stiff or noncompliant hearts) when pressure does not accu-
rately represent changes in ventricular volume and therefore is
not an accurate index of preload.

Afterload
The term afterload is used throughout the basic and clinical car-
diology literature to describe the force opposing ventricular ejec-
tion.7,15 One major reason for the great interest in this physiolog-
ical determinant of cardiac function is its inverse relationship
with stroke volume and its direct correlation with myocardial
oxygen consumption (Fig. 4.16).15,54 Although conceptually
straightforward, clinical descriptions and use of the term after-
load have suffered from an incomplete understanding of what the
term actually represents. Afterload in isolated tissues is the force
generated after the preload in order for the muscle to shorten.
The total load in isolated muscle experiments is therefore repre-
sented by the preload plus the afterload. In contrast to isolated
muscle, afterload in intact animals changes continuously
throughout ventricular ejection and is more accurately described
by the tension (stress) developed in the left ventricular wall dur-
ing ejection or as the arterial input impedance (Zi).

55 Ventricular
wall stress or tension has traditionally been estimated from the
Laplace relationship:

tension (T) = Pr/2h

It is noteworthy that using this assessment of ventricular after-
load assumes a spherical ventricular geometry. A much more ac-
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curate, yet technically more difficult, method for assessing after-
load in intact animals is to measure ventricular-vascular cou-
pling.55 Arterial input impedance is an expression of the arterial
system’s response to pulsatile blood flow and is a function of ar-
terial pressure, arterial wall elasticity, vessel dimensions down to

the point where pulsations are attenuated, and blood viscosity
(see the section on Hemorrheology: Impedance). As such, arte-
rial input impedance incorporates time-varying resistance com-
ponents (pressure and flow) and reactance components (intrinsic
vessel wall characteristics). The measurement of arterial input

80 ● Physiology

A. M-mode Echocardiography

B.  Pulsed-Wave Doppler Echocardiography

C.  LVOT (Aortic) Velocity Profile
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Fig. 4.15. M-mode (A) and color-flow Doppler echocar-
diography (B and C) are two popular clinical methods of
assessing cardiac function in animals.



impedance requires the simultaneous and instantaneous measure-
ment of aortic root pressure and flow.10,55 Both waveforms are
subjected to a Fourier transformation from which a series of sine
waves and frequencies are derived. The amplitude ratios of the
pressure-flow components at each frequency are calculated and
plotted versus frequency as impedance moduli. Any phase shift
between pressure and flow (pressure leading flow or vice versa)
occurring during the ejection phase is also plotted at each fre-
quency (Fig. 4.6). From this relationship, the characteristic im-
pedance (Zo) can be determined by averaging the impedance
moduli at high frequencies. The characteristic impedance is the
pressure-flow relationship when pressure and flow waves are not
influenced by wave reflection (it approximates input impedance
during maximal vasodilation). Characteristic impedance is ap-
proximately 5% of the total arterial resistance and is generally an
exquisitely sensitive indicator of vessel wall elasticity or compli-
ance. The impedance modulus at zero frequency (nonpulsatile
flow) is equivalent to vascular resistance (R) and is usually de-
scribed as total peripheral resistance (TPR) or systemic vascular
resistance (SVR). The SVR can be calculated (with appropriate
values) by

SVR = 80 � (MAP � CVP)/CO

where MAP is mean arterial pressure, CVP is central venous
pressure, CO is cardiac output, and 80 is a conversion factor used
to change measurements in L/min and mm Hg to dynes · s ·
cm�5. Although much less accurate than the determination of im-
pedance moduli, particularly when assessing the effects of pro-
gressive cardiac disease or drugs that change both cardiac and
vascular properties simultaneously, the measurement of SVR is

used clinically as a measure of afterload and vascular tone be-
cause it is technically simple to obtain and intuitively easier to
understand.

Inotropy
Cardiac contractility (inotropy) is the intrinsic ability of the heart
to generate force and, as such, relates directly to physicochemi-
cal processes and the availability of intracellular calcium (see the
section on Excitation-Contraction Coupling).35,36 The term
homeometric autoregulation is frequently applied to those factors
other than muscle fiber length that influence the force of cardiac
contraction.7 Contractility is generally described in isolated
muscle preparations by shifts of the force, velocity-length
relationship (Fig. 4.13), or in intact animals by shifts in the ven-
tricular function curve (e.g., shifts in the Frank-Starling relation-
ship [Fig. 4.17]). A decrease in cardiac contractility is a key fac-
tor in heart failure in patients with cardiac disease or following
the administration of potent negative inotropic drugs (e.g., anes-
thetics).43,44,56–59

Ideal indices of cardiac contractility should be independent of
changes in heart rate, preload, afterload, and cardiac size—in
other words, be load independent. Many indices of contractility
have evolved in an attempt to develop a truly load-independent
measure of cardiac contractile activity. These indices vary con-
siderably in their load dependency, sensitivity, and specificity as
measures of cardiac contractility, and generally fall into one of
four broad categories: (1) isovolumic contraction phase indices,
(2) ejection phase indices, (3) pressure-volume relationship in-
dices, and (4) stress-strain relationship indices (Table 4.3).49,59,60

Although many approaches for assessing cardiac contractility are
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Fig. 4.16. Cardiac output is equal to heart rate (HR) times stroke
volume (SV), or arterial blood pressure (BP) divided by peripheral
vascular resistance (PVR). Increases in heart rate, cardiac contractil-
ity, and preload, and decreases in afterload can all increase cardiac
output. Preload and afterload are considered to be coupling factors
because they depend on vascular resistance, capacitance, and
compliance.
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useful experimentally and clinically, only the isovolumic phase
indices (because of their ease of measurement), the pressure-
volume relationship indices (because of their load independ-
ence), and the ejection phase index (preload recruitable stroke
work) have gained acceptance.59 Additionally, the measurement
of the pressure-volume relationship can be used to assess my-
ocardial energetics.15,49 This is because the amount of oxygen
consumed by the heart for mechanical work is proportional to the
area within the pressure-volume loop, while the oxygen con-
sumed for basal metabolism is proportional to the area enclosed
by the end-systolic pressure-volume relationship, the diastolic
pressure-volume curve, and the isovolumic relaxation phase of
the pressure-volume loop (Fig. 4.18).

Lusitropy
A description of the relaxation phases following cardiac contrac-
tion is often omitted from textbooks of cardiovascular physiol-
ogy, but is fundamentally important to an understanding of car-
diac performance.50 Two reasons for the lack of attention are the
inability to agree on a definition of when diastole begins and dis-
agreement over acceptable indices for the assessment of the var-
ious phases of diastole. The most popular and clinically relevant
definition of diastole states that relaxation begins with the clo-
sure of the aortic valve, which is heralded by the second heart
sound (S2 [Fig. 4.14A]).50,51 Diastole is thereafter divided into
four phases: (1) isovolumic relaxation, (2) early rapid ventricular

filling, (3) slow ventricular filling (diastasis), and (4) atrial sys-
tole (during sinus rhythm). Mechanical factors, loading factors,
inotropic activity, heart rate, and asynchronicity (patterns of re-
laxation) are the major determinants of lusitropy. Factors and in-
terventions that specifically alter the relationship of ventricular
end-diastolic volume versus pressure, called lusitropic factors,
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Fig. 4.18. The ventricular pressure-volume (P-V) loop and the end-
systolic P-V line can be used to determine the pressure-volume area
(PVA). The area within the pressure-volume loop (within the dotted
lines) represents the external work done by the heart and is propor-
tional to myocardial oxygen consumption. The triangular area be-
tween the end-systolic P-V line and isovolumic relaxation represents
the end-systolic potential energy and is proportional to the oxygen
consumed for basal metabolism.

Table 4.3. Hemodynamic indices of systolic and diastolic function

Systolic function
1. Isovolumic indices

a. Echocardiographic assessment (M-mode, two-dimensional
Doppler)

b. dP/dtmax, dP/dt40, and dP/dt/Ved

c. Vmax

d. Power; rate of charge of power
2. Ejection-phase indices

a. Echocardiographic assessment (M-mode, two-dimensional
Doppler)

b. Cardiac output
c. Ejection fraction, (EDV � ESV)/EDV
d. Stroke work
e. Maximum velocity of circumferential shortening
f. Left ventricular ejection time
g. Preejection period

3. Pressure-volume indices
a. Echocardiographic assessment (M-mode, two-dimensional

Doppler)
b. Ees and Emax

c. End-systolic pressure-volume ratios
d. Tmax (time to Emax)

4. Stress-strain indices
a. Elastic stiffness (stress/strain)
b. End-systolic stress-volume ratio

Diastolic function
1. Isovolumic relaxation indices (pressure derived)

a. Echocardiographic assessment (M-mode, two-dimensional
Doppler)

b. dP/dtmin

c. Time constant of left ventricular pressure fall (T)
d. Relaxation time
e. �dT/dt (tension fall)

2. Diastolic filling indices
a. dP/dV
b. Peak filling rate (dV/dtmax)
c. Chamber stiffness (dP/dV vs. P)

3. End-diastolic indices
a. End-diastolic pressure
b. End-diastolic P/V ratio

4. Interval-derived indices
a. Echocardiographic assessment (M-mode, two-dimensional

Doppler)
b. Time to �dP/dtmin; time to 50% �dP/dtmin

c. Diastolic filling time
d. Isovolumic relaxation period
e. Time from minimal left ventricular dimension to mitral valve

opening
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are of special interest because of their importance in determining
ventricular compliance or stiffness. A partial list of methods used
to quantitatively describe relaxation includes pressure, volume-
derived, and interval indices (Table 4.3). All of these indices pro-
vide useful information, but must be carefully applied in order to
properly analyze the appropriate phase of relaxation. Indices of
isovolumetric relaxation (rate of ventricular pressure decline
[�dP/dt] and the time constant for relaxation) are useful for
measuring the active phase of relaxation and reflect the dissocia-
tion of actin-myosin linkages because of reuptake of cytoplasmic
calcium by the sarcoplasmic reticulum (Fig. 4.11). These indices
are particularly influenced by myocardial systolic function, ven-
tricular loading conditions (preload and afterload), and heart rate.
Indices of diastasis or slow ventricular filling (chamber stiffness,
�dP/dV, and myocardial stiffness) are used to determine the pas-
sive properties of diastolic function and are principally influ-
enced by viscoelastic properties, ventricular interaction, coro-
nary blood flow, and pericardial restraint.

Regardless of the care in picking an index to evaluate cardiac
systolic or diastolic performance, it is clear that even greater
thought must be given to the factors (determinants of perform-
ance) that influence the index. Drugs used as preanesthetic med-
ication or for intravenous or inhalation anesthesia can produce
profound effects on indices of cardiac performance and are often
much more complex in their actions than originally surmised
(Table 4.4).50,56,61–63

Ventricular-Vascular Coupling
The concept of ventricular-vascular coupling is not new, but is
rarely discussed or adequately described by most textbooks.14

The principal reason for inadequate treatment is the historical

focus on pressure-derived measurements and the cardiac cycle,
which stems from the relative ease with which pressure can be
measured. Sphygmomanometry-based measurements and their
derivations are undoubtedly important, but by themselves lead to
an overly simplistic and often erroneous understanding of car-
diovascular function. New technologies (M-mode and two-
dimensional Doppler echocardiography) and theory have made it
possible to expand our understanding of cardiac mechanical ac-
tivity and begin to appreciate the relevance, dependence, and im-
portance of both the venous and the arterial systems and their
coupling to the heart (Fig. 4.15A to C).5,52 The clinical relevance
of this understanding is increasingly apparent from the new and
improved theories of cardiovascular disease (congenital or ac-
quired), myocardial metabolic disturbances (ischemia and hy-
poxia), and the mechanisms of drug effects (anesthetics, etc.) on
the cardiovascular system. Indeed, the clinical application of the
principles of ventricular-vascular coupling has resulted in new
and improved therapies for cardiovascular disease.13,16

Ventricular-vascular coupling, as the name implies, concerns
the interrelationship or coupling of the heart to the venous and ar-
terial systems. Thus, loading conditions (preload and afterload)
and vascular dynamics (resistive, reactance, and viscoelastic
properties) ultimately influence ventricular performance and
blood flow.14,49 Coronary blood flow and myocardial perfusion
are also important components of ventricular-vascular coupling
because normal function and the viability of the heart depend on
adequate myocardial perfusion, which occurs almost exclusively
during diastole.

Vascular Function Curve
The modern concept of ventricular-vascular coupling has been
popularized by Guyton, who used the vascular function curve,
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Table 4.4. Common hemodynamic effects of anesthetic drugs in animals

Myocardial
Cardiac Blood Right Atrial Oxygen

Drug Heart Rate Output Contractility Pressure Pressure Consumption 

Anticholinergics c c c NC or c d c

Phenothiazines c c d d d NC or c
Butyrophenones c NC or c d Slight d d NC or c
Benzodiazepines NC NC NC NC NC d

�2-Adrenergic agonists d d NC or d Initial cthend c c

Opioids d d NC or d NC or d NC NC
Barbiturates c d d d d NC or c
Propofol NC or c d d d d NC or c
Etomidate NC or c NC or d NC or d NC or d NC or d NC or c
Dissociative drugs c c c or d c d c

Inhalation anesthetics d d d d d d

Skeletal muscle relaxants
1. Pancuronium c c NC c NC c

2. Atracurium NC or c NC NC May d (histamine) NC NC
3. Vecuronium NC NC NC NC NC NC

c, increase; d, decrease; NC, no change.



and more precisely the venous-return curve and cardiac (ventric-
ular) function curve, to predict changes in cardiac output (Fig.
4.19A).5 Guyton’s ventricular-vascular coupling diagrams em-
phasize that the important independent variables in the determi-
nation of cardiac output are the sums of vascular resistances and
capacitances and cardiac contractility. The venous-return curve
describes an inverse relationship between venous return and car-
diac output. The horizontal (abscissa) intercept of the venous-
return curve or the venous pressure at zero cardiac output is the
mean circulatory filling pressure, which is a function of venous
capacitance and the total blood volume and has been directly cor-
related with survival from hemorrhagic and septic shock.
Variations in the venous-return curve can be produced by alter-
ing venous resistance, capacitance, or blood volume (Fig.
4.19B). Equilibrium of the venous-return–ventricular function
curve is reached when venous return at a given pressure is
matched by the ability of the ventricle, when distended to the
same pressure, to pump the venous return. Thus, an increase in
venous pressure increases cardiac output during the next cardiac
cycle, as defined by the ventricular function curve. Increases in
cardiac output in turn transfer blood from the venous to the arte-
rial circulation, thus decreasing venous pressure. This process
continues in progressively decreasing steps until a new equilib-
rium for cardiac output and venous return is reached, realizing
that only one equilibrium point for cardiac output and venous re-
turn exists. Similar rationalizations can be used for other pertur-
bations: changes in blood volume, arterial resistance, and cardiac
contractility.8,52 It can be argued that this type of presentation of
hemodynamics and cardiovascular function results in circular
reasoning, since a change in cardiac output can be used to explain
the change in venous return and vice versa. Indeed, since both ve-
nous return and cardiac output are equal to the flow around the
circuit, the point that a given cardiac output is obtained is deter-
mined by a myriad of venous-return and ventricular function
curves and their determinants (venous and arterial capacitance
and resistance, blood volume, and cardiac contractility).5,7,8

Ventricular-Arterial Coupling
More recent evaluations of ventricular-vascular coupling have fo-
cused on the left ventricular pressure-volume relationship and the
ejection of blood into the ascending aorta (ventricular-arterial
coupling) (Fig. 4.20A).13 This approach, first popularized and
validated by Suga and Sunagawa in isolated and intact dog
hearts, has been applied clinically using noninvasive (echocar-
diographic) techniques.15,49,53,64 The power of this approach
stems from its clinical applicability and the ability to derive a
multitude of important indices for assessing cardiovascular func-
tion in intact animals.49

The inscription of the instantaneous pressure-volume loop en-
ables the calculation of load-dependent and independent indices
of cardiac contractility, myocardial oxygen requirements, and
myocardial efficiency.15 For example, the ratio of ventricular
pressure to ventricular volume (dP/dV) varies throughout the car-
diac cycle (time-varying elastance) and inscription of the pres-
sure-volume loop. Acute reductions in preload are used to pro-
duce progressively smaller pressure-volume loops and construct

a straight line by connecting all of the end-systolic points. This
line is known as the end-systolic pressure-volume relationship,
the slope of which is the end-systolic ventricular elastance (Ees),
a load-independent index directly proportional to ventricular
contractility (Figs. 4.18 and 4.20A). The mechanical work
(stroke work [SW]) performed by the heart is proportional to the
pressure-volume area (PVA), which is linearly related to myocar-
dial oxygen consumption (MVO2), and which, when plotted
against the end-diastolic volume, derives another sensitive and
load-independent index of cardiac contractility termed preload
recruitable stroke work (PRSW). Mechanical efficiency (ME) of
the heart is the ratio of SW to MVO2 and is derived by dividing
SW by PVA (ME = SW/PVA).

The ejection of blood into the ascending aorta is governed by
the same resistive and reactive (viscoelastic) properties that gov-
ern venous return. These arterial loading properties (afterload)
influence stroke volume.55 The difference between the end-
diastolic and end-systolic volumes of the pressure-volume rela-
tionship is stroke volume, which, when plotted versus end-
systolic pressure (Pes) during decreases in stroke volume, renders
a line, the slope of which is the effective arterial elastance (Ea).
In practice, Ea is generally approximated by the ratio of Pes to
stroke volume (Pes/SV = Ea). This parameter is particularly pow-
erful because it incorporates the principal elements of vascular
load (afterload), including peripheral resistance, total vascular
compliance, characteristic impedance (see the section on Deter-
minants of Cardiac Performance and Cardiac Output), and alter-
ations induced by heart-rate changes. It is noteworthy that the
purely resistive components of vascular load are adequately ac-
counted for by determining the steady-state or nonpulsatile pa-
rameter, total peripheral resistance, which accounts for approxi-
mately 90% of vascular load under normal conditions. The
pulsatile or dynamic component of vascular load generally ac-
counts for approximately 10% of vascular load under normal
conditions, adds to the resistive component, and becomes in-
creasingly important during cardiovascular disease, changes in
blood volume, or following the administration of drugs (e.g.,
anesthetics) that affect the cardiovascular system.49,57,58,60 Other
methods for accurately analyzing arterial afterload have been de-
scribed (see the section Determinants of Cardiac Performance
and Cardiac Output).

Because both Ees and Ea have the measurement of Pes and ven-
tricular volume in common, they can be plotted on a single graph
to yield the “ideal” ventricular-arterial coupling point for any set
of cardiovascular circumstances (Fig. 4.20B). Stated another
way, if end-diastolic volume (preload), Ea, and Ees are known,
stroke volume and therefore cardiac output (CO = SV � HR) can
be predicted. Furthermore, this analysis predicts that SW should
be maximized when this relationship is equal to 1 (Ees = Ea) and
that maximal mechanical efficiency (ME) is attained when Ea =
Ees/2, since ME = SW/PVA = 1/(1 + Ea/Ees/2).

The ideal ventricular-arterial coupling point in intact animals
occurs when mean arterial pressure is adequate for organ flow
(approximately 60 to 70 mm Hg) and, as stated earlier, systolic
pressure is low while diastolic pressure is high (small pressure
pulse). Low systolic pressure facilitates maximal ventricular
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Fig. 4.19. Ventricular-vascular coupling curves. Venous return and cardiac output are determined by the opposing effects of right atrial pres-
sure (A). For example, increases in right atrial pressure increase cardiac output, but decrease venous return. Alterations in blood volume (B),
sympathetic tone (C), vascular tone (D), and cardiac function (E) produce predictable effects upon the coupling of venous return to cardiac out-
put at a given venous pressure. Note that, during heart failure (E), cardiac output is preserved at the expense of increases in venous pressure.
Modified from Berne and Levy.103
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ejection and low oxygen demands by the myocardium, whereas
high diastolic pressure ensures adequate coronary perfusion.
Ideal ventricular arterial interaction is impaired by anything that
decreases cardiac contractility (decreased Ees) or increases arte-
rial stiffness (increased Ea). Increases in arterial stiffness in-
crease pulse amplitude, increasing systolic pressure and thereby
decreasing stroke volume for a given cardiac contractility while
increasing MVO2. Diastolic pressure usually falls, thereby re-
ducing coronary blood flow and myocardial perfusion. Further-
more, alterations in the timing of pulse-wave reflection, princi-
pally initiated by increases in arteriolar tone, could augment
systolic pressure and reduce diastolic pressure, exacerbating the
situation.10,55,65

Cardiac Metabolism
The maintenance of normal cardiac activity depends on the meta-
bolic pathways by which ATP is generated. Even a superficial de-
scription of these pathways is far beyond the scope and purpose
of this chapter and is more appropriately described in texts
specifically designed to discuss this subject.54 Suffice it to say

that the heart generates ATP by two primary methods: glycolysis
and oxidative phosphorylation. These processes are continually
modified by the energy requirements of the cell and by neural
and hormonal inputs. The ATP produced supplies energy for car-
diac contraction, relaxation, and related activities (Fig. 4.21).

The Vascular System
The purpose of the vascular system (arteries, capillaries, and
veins) is to transport and facilitate the exchange of a wide range
of nutrients and waste products. Originating from the heart, the
circulatory system consists of two separate circulations con-
nected in series (Fig. 4.1). The pulmonary circulation receives
the majority of its blood supply from the right ventricle, perfuses
the lung, and empties into the left atrium. The systemic circula-
tion receives its blood supply from the left ventricle, perfuses
most of the body’s organs and tissues, and empties into the right
atrium. More specifically, the systemic circulation (like the pul-
monary) undergoes repeated division into smaller and smaller
parallel vascular beds that terminate in the arterioles (the small-
est arteries), which further subdivide to form the capillary bed.7
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Fig. 4.20. Ventricular-arterial coupling. The coupling of the ventricle
with the arterial system (A) produces an equilibrium point (A, bottom)
at which the ventricle functions. The shaded area in B represents the
maximal stroke work during optimal coupling when the slopes of the
arterial and ventricular relationships are the same. Ea, effective arte-
rial elastance; EDV, end-diastolic volume; Ees, end-systolic elastance;
LVV, left ventricular volume; Pes, end-systolic pressure; SV, stroke vol-
ume; and T, time. Modified from Sunagawa et al.104
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During repeated division, the overall cross-sectional area of the
circulation increases dramatically, reaching a maximum in the
capillaries (Fig. 4.22).1,66

Structurally, all blood vessels contain an endothelial layer (tu-
nica intima) on their inner surface that provides a smooth surface
and prevents clotting. All but capillaries also contain varying pro-
portions of elastic fibers, smooth muscle, and collagen (Fig.
4.23). These three tissue types comprise the tunica media, which
is composed mostly of smooth muscle and elastic connective tis-
sue, and the tunica externa (adventitia), which contains fibrous
collagen fibers. The proportion of elastic connective tissue to
smooth muscle determines the vessel’s principal function (i.e.,
conduit, resistive, or capacitive). The amount of smooth muscle
also determines the vessel’s resting tone, myogenic basal tone
(spontaneous contractions), and the amount of stress relaxation
(delayed capacitance), and reverse stress relaxation exhibited by
the vessel. Stress relaxation is characterized as a rapid initial in-
crease in resting tone caused by an increase in vascular volume
that declines gradually during the next several minutes. Pressure
decreases because of smooth muscle myofilament rearrange-
ment. Reverse stress relaxation is the reverse of this process.

Smooth Muscle Contraction
Vascular smooth muscle is considerably different from cardiac
muscle, both structurally and functionally.37 Vascular smooth
muscle cells are small, 5 to 10 µm in diameter, and spindle
shaped. They do not contain regular sarcomeric units or Z bands,
or possess the same key regulatory proteins (absence of troponin

C and troponin N) as cardiac cells. Functionally, depolarization
is not essential for initiation of muscle contraction in vascular
smooth muscle. The contraction process is slow and tonic, is pro-
longed, and intracellular increases in cyclic adenosine mono-
phosphate (cAMP) cause vascular smooth muscle cells and ves-
sels to dilate, not contract. One thing that is similar between
cardiac and vascular smooth muscle cells is that they both de-
pend on increases in intracellular calcium for contraction.

A multitude of pathways are available by which vascular
smooth muscle cells can increase intracellular calcium-ion con-
centration and contract, including calcium influx through voltage
(slow calcium channels) and receptor-operated ion channels, cal-
cium release from the sarcoplasmic reticulum by calcium
(calcium-induced calcium release) or some other activator (inos-
itol triphosphate [IP3]), and reversal of the sodium-calcium ex-
change mechanism. Regardless of the mechanism responsible,
increases in intracellular calcium serve as the second messenger
for smooth muscle actin-myosin interaction. Once intracellular
calcium concentration increases beyond a critical threshold, cal-
cium ions combine with the ubiquitous calcium-binding protein
calmodulin, forming a calcium-calmodulin complex, which in
turn binds to myosin light-chain kinase and activates ATP-
dependent phosphorylation of myosin, causing actin-myosin in-
teraction (Fig. 4.24). The formation of the actin-myosin cross-
bridge in vascular smooth muscle (in contrast to cardiac muscle)
produces a sustained tonic type of contraction. The slow-cycling
or noncycling crossbridges formed in vascular smooth muscle
are called latchbridges. Relaxation occurs when myosin light-
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Fig. 4.21. Oxidative metabolism produces adenosine triphosphate (ATP), which supplies energy for cardiac contraction and other cellular ac-
tivities. Note that over 60% of the ATP generated by oxidative metabolism is used for contraction. ADP, adenosine diphosphate; AMP, adeno-
sine monophosphate; CK, creatine kinase; and CP, creatine phosphokinase.
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chain kinase is dephosphorylated by the enzyme myosin light-
chain phosphatase. The regulation of myosin light-chain phos-
phatase is poorly understood, but is probably affected by many
drugs used to produce chemical restraint and anesthesia.37,67

Other mechanisms that facilitate relaxation of vascular smooth
muscle center around decreases in intracellular calcium concen-
tration due to reuptake of calcium ion by the sarcoplasmic retic-
ulum, exchange of intracellular calcium for extracellular sodium,
stimulation of the calcium-ATPase calcium pump, and termina-
tion of calcium influx into the cell (Fig. 4.24). Increases in intra-
cellular cAMP and cyclic guanosine monophosphate produce va-
sodilatory, not contractile, effects in vascular smooth muscle.
Cyclic AMP inhibits myosin light-chain phosphorylation. The ef-
fects of cyclic guanosine monophosphate are incompletely un-

derstood, but it may produce an effect similar to cAMP or accel-
erate the ejection of calcium ions from vascular smooth muscle
cells. Finally, vascular smooth muscle contraction can occur
without an initial influx of extracellular calcium or the release of
intracellular calcium.37 �-Adrenoreceptor stimulation, for exam-
ple, can act through a G protein to form diacylglycerol (DAG)
and IP3. IP3 causes the release of calcium from the sarcoplasmic
reticulum, initiating the contraction process. DAG can also acti-
vate a protein kinase, which may phosphorylate myosin light-
chain kinase to initiate tonic contractions.

Vessel Types
From a purely functional standpoint, vessels can be categorized
as primarily elastic Windkessel types or conduits (large arteries),

88 ● Physiology

Fig. 4.22. The relationship between
blood pressure, blood flow velocity,
and cross-sectional area of the car-
diovascular system. Note that, as
blood approaches the capillaries,
blood pressure and blood flow veloc-
ity decrease and cross-sectional area
increases. v, average velocity. Modi-
fied from Witzleb,68 p. 408.
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resistance vessels (small arteries), sphincter vessels (arterioles),
exchange vessels (capillaries), capacitance vessels (venules and
veins), and shunt vessels (arteriovenous anastomoses).1,68

Large Arteries
Large arteries near the heart and throughout the extremities are
highly elastic tubes that serve as conduits through which blood is
transported to the periphery. The elasticity of large arteries op-
poses the stretching effect that the blood pressure produces fol-
lowing ventricular contraction. The initial stretching of the aorta
produced by ventricular ejection, for example, is opposed by the
elastic tissue in the vessel walls, which returns the aorta and large
arteries to their original dimension (Fig. 4.23). As was previously
mentioned, this squeezing phenomena of large arteries is termed
the Windkessel effect and helps to convert the discontinuous (cy-
clic or phasic) flow of arterial blood associated with ventricular
pumping into a continuous, although somewhat nonuniform, flow
to the peripheral arteries. The degree to which the larger arteries
can be stretched depends on the ratio of elastic to collagen fibers.
Systemic arteries are in general six to ten times less distensible
than systemic veins. The pulmonary artery, by contrast, is about
half as distensible as systemic or pulmonary veins (Fig. 4.25).69

Blood pressure in arteries (arterial pulse pressure and blood
pressure), whether measured directly or indirectly, is frequently
assessed during anesthesia. Arterial blood pressure measurement
in particular is one of the fastest and most informative means of
assessing cardiovascular function and, when done correctly and
frequently, provides an accurate indication of drug effects, surgi-
cal events, and hemodynamic trends. The most important vascu-
lar determinant of arterial blood pressure is arteriolar tone, which
can be modified by almost all drugs used to produce anesthe-
sia.5,7,68 The factors that determine arterial blood pressure are

heart rate, stroke volume, vascular resistance, arterial compli-
ance, and blood volume. Blood volume is one of the major vari-
ables affecting the mean circulatory pressure, which is defined as
the equilibrium pressure of the circulation when blood flow is
zero. The mean circulatory filling pressure is approximately 7
mm Hg when blood volume is normal (90 mL/kg). Increases in
mean circulatory filling pressure augment ventricular filling and
cardiac output. From the mechanical analogue of Ohm’s law (E
= IR), we know that P = QR. This formula predicts that if either
cardiac output (Q) or peripheral vascular resistance (R) increase
either individually or together, so will arterial blood pressure.
Arterial blood pressure is a key component in determining perfu-
sion pressure (upstream minus downstream pressure) and the ad-
equacy of tissue blood flow. Perfusion pressures greater than 60
mm Hg are generally thought to be adequate for perfusion of tis-
sues. Structures like the heart (coronary circulation), lung (pul-
monary circulation), kidneys (renal circulation), and the fetus
(fetal circulation) contain special circulations where changes in
perfusion pressure can have immediate effects on organ function.
In the coronary circulation, for example, if perfusion pressure
(determined by the difference between arterial diastolic and ven-
tricular end-diastolic pressures) decreases, subendocardial is-
chemia develops.7

Clinically, arterial blood pressure is generally measured as
mean arterial pressure. When mean arterial blood pressure can-
not be directly assessed, it is estimated by this formula:

Pm = Pd + 1/3 (Ps � Pd)

where Pm, Ps, and Pd are mean (m), systolic (s), and diastolic (d)
blood pressures, respectively (Fig. 4.26).4,5 Both Ps and Pd can
be measured indirectly using either Doppler or oscillometric
techniques. Most drugs used to produce anesthesia decrease car-
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Fig. 4.23. The relative amounts of the various components (elastic, smooth muscle, and fibrous tissue) of macrovessels and microvessels are
illustrated. Note the differences with changes in vessel diameter and between arteries and veins. Modified from Berne and Levy,103 p. 195.
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diac output and peripheral vascular resistance. It should be re-
membered that if peripheral vascular resistance is elevated, the
arterial blood pressure may be within normal limits, regardless of
low blood flow to peripheral tissues. Several sedative and anes-
thetic drugs (�2-adrenergic agonists, ketamine, and low doses of
thiobarbiturates) can increase peripheral vascular resistance (pro-
ducing no change or increases in arterial blood pressure) while
decreasing cardiac output (Table 4.4).

The arterial pulse pressure (Ps � Pd) and pulse-pressure wave-
form can provide valuable information regarding changes in vas-
cular compliance and vessel tone. Generally, drugs (phenothi-
azines) or diseases (endotoxic shock) that produce marked
arterial dilating effects increase vascular compliance, causing a
rapid rise, short duration, and rapid fall in the arterial waveform
while increasing the arterial pulse pressure. Situations that pro-
duce vasoconstriction decrease vascular compliance, producing a
longer-duration pulse waveform and a slower fall in the systolic
blood pressure to diastolic values.68 The pulse pressure may con-

tain secondary and sometimes tertiary pressure waveforms, par-
ticularly if the measuring site is in a peripheral artery some dis-
tance from the heart.65 Secondary and tertiary pulse waves are an
indication of normal or elevated vascular tone in response to
sympathetic nervous system stimulation or the vascular effects of
drugs (e.g., ketamine, medetomidine, or catecholamines).

Resistance Vessels
These include the terminal (small) arteries, arterioles, and metar-
terioles, and to a much lesser extent the capillaries and venules.
Under normal conditions, the arterioles provide over 50% of the
total systemic vascular resistance, whereas large and small arter-
ies account for 20%, capillaries 25%, and veins 5%. As indicated
earlier, the Hagen-Poiseuille equation describes resistance as

R = 8 L�/�r4

where L is length, � is blood viscosity, � is the constant 2.13, and
r is the vessel radius. From this relationship, it should be clear
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Fig. 4.24. The excitation-contraction coupling process in vascular smooth muscle. Calcium enters cardiac cells through two types of voltage-
dependent calcium channels (L and T) and several types of receptor-operated channels, which triggers the release of intracellular calcium (cal-
cium-induced calcium release) from the sarcoplasmic reticulum (SR). Not shown is that some agonists act on smooth muscle membrane recep-
tors to stimulate phosphatidylinositol turnover and the production of inositol triphosphate (IP3) and diacylglycerol (DAG). IP3 releases calcium
from the SR and DAG activates protein kinase C, which stimulates the activity of the voltage-dependent slow calcium channels. Increases in in-
tracellular calcium also interact with calmodulin to form a calcium-calmodulin complex stimulating myosin light-chain kinase, which together
with intracellular calcium facilitates actin-myosin interaction. Contraction terminates when myosin light-chain phosphatase dephosphorylates
the myosin light chain and intracellular calcium is reduced by sarcolemmal (SL) and SR reuptake, intracellular calcium–extracellular sodium ex-
change, and the turning off of the slow calcium channels.
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that as vessel radius decreases and vessel length and blood vis-
cosity increase, vascular resistance increases.

Sphincter Vessels
Sphincter vessels represent a specific type of resistance vessel
that is anatomically the absolute terminal portion of the precap-
illary arteriole. Functionally, sphincter vessels help to regulate
the number of open capillaries and therefore the size of the cap-
illary bed that is available for exchange processes. The relatively
thick-walled muscular arterioles and sphincter vessels are influ-
enced by a variety of neural, humoral, and local metabolic fac-
tors, and are the principal determinants for the regulation of both
the volume and the distribution of blood flow to all tissues of the
body (Table 4.5).

Arteriovenous Shunts
Arteriovenous anastomoses (AVAs) are a relatively poorly under-
stood group of vessels that contain large amounts of vascular
smooth muscle and function as pathways by which blood can by-
pass the capillaries and return to the venous circulation. These
vessels can reduce or totally interrupt blood flow to capillaries.

AVAs are found in the greatest numbers in the skin and extremi-
ties (ears, feet, and hooves) of most species and were originally
thought to be primarily involved in thermoregulation. More re-
cently, their identification and verification in the intestinal wall,
kidney, liver, and skeletal muscles have increased interest in their
role as a separate blood flow regulatory mechanism for control-
ling nutrient blood flow to these tissues. The influence of anes-
thetic drugs on AVAs is poorly understood and largely un-
known.68,70

Capillaries
These are functionally the most important portion of the circula-
tory system, because they are the exchange units between the
blood and interstitial fluid. They penetrate nearly every tissue of
the body, their numbers per gram of tissue and ultrastructure
being dependent on tissue metabolic rate and tissue function.
Structurally, capillaries are one layer of endothelial cells sur-
rounded by reticular fibers. There are three types of capillaries.
Capillaries located in striated and smooth muscle, connective tis-
sue, and the pulmonary circulation are uninterrupted or continu-
ous, although they contain a large number of pores. Capillaries in
the glomeruli of the kidney and in the intestine are fenestrated
because of the high levels of metabolism and importance of ac-
tive exchange of fluids. Capillaries in the liver, spleen, and bone
marrow are discontinuous, containing intercellular gaps through
which fluid and blood cells can easily pass.68 Regardless of the
type of capillary examined, the exchange of fluid, nutrients, and
cellular waste products between blood and interstitial fluid is
their primary function. Capillary exchange is governed by two
primary processes: diffusion and filtration. Fick’s law of diffusion
describes solute exchange (Js) as

Js = DA/MT�C

where D is the diffusion coefficient, A is the capillary surface
area, MT is the membrane thickness, and �C is the concentration
gradient or difference. The diffusion coefficient is determined by
the diffusion medium and qualities characteristic of the diffusion
particle such as molecular weight, ionic charge, and lipid solubil-
ity. Exchange by filtration is determined by four primary factors
(Pc, Pi, �c, and �i) according to a dynamic equilibrium equation,
first proposed by Starling and Landis and modified by
Pappenheimer and Soto-Rivera, wherein

Qc = Kf (Pc � Pi) + 	(�c � �i)

where Qc is fluid flow across the capillary (positive for filtration,
and negative for reabsorption), Pc and Pi are capillary and inter-
stitial hydrostatic pressures, �c and �i are the plasma in the cap-
illary and interstitial colloid osmotic pressures of proteins, Kf is
the capillary filtration coefficient, and 	 is the osmotic reflection
coefficient for all plasma proteins (Fig. 4.27).71,72 The filtration
coefficient (K) indicates the resistance of the capillary wall to
fluid flow and is determined by the exchange surface area, the
number and radius of capillary pores, the capillary wall thick-
ness, and the viscosity of the filtering fluid. The osmotic reflec-
tion coefficient (	) is an indicator of transvascular protein trans-
port and is usually assumed to be 1, or close to 1, in normal
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animals, since most capillary beds are impermeable to colloids.
Providing all factors can be measured, calculated, or estimated in
Starling’s equation, net fluid flux across the capillary wall can be
quantitated accurately.71 Under normal conditions, these factors
are responsible for fluid filtration at the arterial end of the capil-
lary and fluid reabsorption at the venous end of the capillary
(Figs. 4.27 and 4.28). Lymph vessels carry excess fluid away.
Increases in Pc (volume overload, venous obstruction, and heart
failure) and Kf (histamine, cytokines, and kinins) or decreases in
�p (hypoproteinemia) cause excess fluid to accumulate in the in-
terstitial space, resulting in edema. Excessive fluid accumulation
in the lung, intestine, and liver (so-called overflow organs) can
cause fluid collection in the alveoli, intestinal lumen, and peri-
toneal cavity.72 Decreases in Pc (hypotension and hypovolemia)
and increases in �p (hyperproteinemia and dehydration) induce a
net reabsorption of fluid from the interstitial space and an in-
crease in plasma volume. Anesthesia, anesthetic drugs, quantity
and type of fluid administered, and the type of anesthetic tech-
niques used can have important effects on the Starling forces.72

For example, most anesthetic drugs and anesthetic techniques de-
crease Pc, causing net fluid reabsorption from the interstitial
space and hemodilution. If the anesthetic drug or technique pro-
duces significant cardiac depression, Pc may increase, resulting
in edema (e.g., pulmonary edema). Finally, several drugs, includ-
ing some opioids (e.g., morphine and meperidine), can cause his-
tamine release, thereby increasing Kf, and interstitial fluid accu-
mulation (Table 4.6).68

Veins and Venules
The veins and venules comprise the final component of the vas-
cular system and, although structurally similar to arteries, are rel-
atively devoid of elastic tissue and possess comparatively less
smooth muscle (Fig. 4.23). Veins in general have a greater radius
and thinner walls than arteries and functionally serve to return
blood to the heart and as capacitance (volume storage) vessels
(Fig. 4.3). The relationship between vascular volume (V) and
vascular transmural pressure (P) is termed vascular compliance
(C = �V/�P), which is the inverse of elasticity and for the low-
pressure veins is several orders of magnitude greater than most
arteries (Fig. 4.25).69 The lumped compliance of the pulmonary
vascular bed is less than that of the systemic circulation, imply-
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Table 4.5. Distribution of cardiac output to peripheral tissues

Organ % of Total

1. Heart 4
2. Brain 14
3. Kidneys 20
4. Gastrointestinal tract 22
5. Resting skeletal muscle 20
6. Skin 8
7. Other organs 12
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Fig. 4.28. Starling’s law of the capillary suggests that fluid movement between the capillary and the interstitial space can be predicted by
changes in capillary (Pc) and interstitial (Pi) hydrostatic pressures and capillary (�c) and interstitial (�i) colloid osmotic pressures. The algebraic
sum of these pressures produces an effective transmural filtration pressure (Peff) and effective colloid osmotic pressure (�eff), which determine
capillary filtration and reabsorption. Only about 10% of the plasma filtrate enters the lymphatic system under normal conditions. Filtration-
reabsorption is shifted toward increased filtration during vasodilation and increased hydrostatic and venous pressure, and toward increased re-
absorption during vasoconstriction. These diagrams assume the filtration coefficient and the osmotic reflection coefficient (see the text) are min-
imally affected. Modified from Witzleb,68 pp. 419 and 420.

Table 4.6. Causes of increased interstitial fluid volume and edema

Increased filtration pressure
Arteriolar dilation
Venule constriction
Increased venous pressure (heart failure, incompetent valves, 

venous obstruction, increased total extracellular fluid
volume, effect of gravity, etc.)

Decreased osmotic pressure gradient across capillary
Decreased plasma protein level
Accumulation of osmotically active substances in interstitial 

space
Increased capillary permeability

Substance P
Histamine and related substances
Kinins, etc.

Inadequate lymph flow

Na+

Na+

Na+

Pc

Pr
-

Pi

Kf
Kf

Qlymph

V

(Pc - Pi)

(πc - πi)

Starling’s Law of the Capillary

πc

πi

σ

Fig. 4.27. Starling’s law of the capillary suggests that fluid (plasma)
flux (exchange) across the capillary wall (Jv) and into the interstitium
depends on transmural (capillary [c] � interstitial [i]) hydrostatic pres-
sure (Pc � Pi), transmural protein colloid osmotic pressure (�; �C �

�I), the fluid filtration coefficient or porosity (
F), and the reflection co-
efficient for the movement of proteins (	). Increases in Pc and 
F and
decreases in Pi, �C, and 	 increase Jv and vice versa.

FPO



ing that the blood storage capability of the lungs compared to the
systemic circulation, particularly the systemic small veins and
venules, is small (Fig. 4.25). Venous return is facilitated by ve-
nous one-way valves, contraction of skeletal muscle (muscle
pump), the negative intrathoracic pressure during breathing (res-
piratory pump), increases in intra-abdominal pressure (abdomi-
nal pump), and the suction effect of the heart during atrial relax-
ation, ventricular contraction, and rapid ventricular filling.68

Hydrostatic pressure (gravity), increased intrathoracic pressure
(intermittent positive-pressure ventilation [IPPV] and positive
end-expiratory pressure [PEEP]), and venous occlusion or ob-
struction initially impair or inhibit venous return. The capacious
venous vessels of the liver, splanchnic viscera, and skin (in many
species), together with the sinusoids of the spleen, can be consid-
ered blood reservoirs, as are the pulmonary vessels, although to
a much lesser extent.

Lymphatics
The lymphatic system constitutes a closed-ended, separate, yet
parallel drainage system through which interstitial fluid (nor-
mally <10% of filtered fluid) is returned to the blood vascular
system (Fig. 4.28).72 Lymphatic channels are thin-walled vessels
(generally one cell layer thick) that contain one-way valves that
facilitate the transfer of lymph (interstitial fluid) via lymph ves-
sels of increasing size first to lymph nodes and eventually to the
thoracic lymphatic duct and heart. Skeletal muscle contraction
facilitates lymph flow (lymphatic pump) to the heart similar to its
effect on venous blood flow.68

Nervous, Humoral, and Local Control
The regulatory control of the cardiovascular system is integrated
through the combined effects of the central and peripheral nerv-
ous systems, the influence of circulating (humoral) vasoactive
substances, and local tissue mediators that modulate vascular
tone.73–77 These regulatory processes maintain blood flow at an
appropriate level while distributing blood flow to meet the needs
of tissue beds that have the greatest demand.

Tissue blood flow is regulated by the integration of suprare-
gional (central nervous system [CNS]), regional and local fac-
tors. Together these factors coordinate immediate and long-term
adjustments in cardiac output, total peripheral vascular resist-
ance, vascular capacitance, and blood volume. Higher brain
centers, including the hypothalamus (pain and temperature) and
cerebral cortex (emotions: vigilance and fear), facilitate or mod-
ify cardiovascular responses. Continuous adjustments in cardio-
vascular system function help to buffer significant changes in
arterial blood pressure and intravascular volume and sustain
oxygen and nutrient delivery to tissues (Table 4.7). The auto-
nomic nervous system exerts a major influence on the regula-
tion of cardiovascular function.76 Peripheral receptors, includ-
ing baroreceptors, mechanoreceptors, and chemoreceptors,
respond to changes in blood pressure, volume, or gas tensions,
respectively, and send information to the CNS through afferent
nerves. These sensory signals are integrated, in “control cen-
ters” located in the hypothalamus, pons, and medulla, into re-

sponses carried by efferent sympathetic or parasympathetic
nerves to the periphery (Fig. 4.29). The autonomic nervous sys-
tem also modulates the release of various peptides providing a
generalized humoral influence on cardiac contractile perform-
ance and vascular tone.66 Minute-to-minute changes in blood
flow are regulated by local control mechanisms, which are
somewhat independent from nervous system input. Vasodilator
substances, primarily the by-products of tissue metabolism, act
on small vessels, producing vasodilation proportional to the
amount of metabolite produced. In addition, the vascular en-
dothelium is known to modulate both local and neural con-
trol mechanisms through the release of prostaglandins and
endothelium-derived factors, such as nitric oxide. Anesthetic
drugs can and do interfere with the sensory (input), neural inte-
gration (processing), and effector (output) mechanisms that
control cardiovascular function.78–82 Decreases in arterial blood
pressure from any cause (blood loss, bradycardia, or poor car-
diac performance) are sensed by a variety of central and periph-
eral vascular baroreceptors, which are the most important short-
term determinants of arterial blood pressure. Output from these
receptors triggers readjustments in CNS autonomic output,
which compensates for small changes in arterial blood pressure
(Fig. 4.30). Local myogenic autoregulation also helps to protect
the brain, heart, liver, mesentery, and skeletal muscle from
small changes in blood pressure. If arterial blood pressure is re-
duced to a point that tissue blood flow is negatively affected,
CNS centers are activated, leading to substantial increases in
heart rate, cardiac contractility, and vascular tone. Epinephrine
and norepinephrine are released from the adrenal gland, which,
combined with increases in sympathetic tone and activation of
the renin-angiotensin system, intensify vasoconstriction (Table
4.7). Blood flow is redistributed to the lungs, heart, and brain and
away from the skin, skeletal muscle, and kidney and splanchnic
viscera. Additionally, peripheral chemoreceptors sense changes
in the blood oxygen tension (PO2) and pH. The acute onset of
hypoxemia or hypercarbia (acidemia) in conjunction with hy-
potension can induce peripheral vasoconstriction. If blood pres-
sure is not restored, capillary hydrostatic pressure decreases,
promoting the movement of fluid from the interstitial space into
the capillaries, thus increasing intravascular volume. The in-
travascular shift of extravascular fluid can restore up to 50% of
the intravascular volume in a relatively short period (hours).
The constriction of the peripheral vasculature, centralization of
blood volume, redistribution of the blood flow, and increase in
cardiac output and arterial blood pressure are generally capable
of restoring tissue perfusion, providing the episode of hypo-
tension or blood loss does not exceed the body’s compensatory
capabilities.

Normally, neural, humoral, local myogenic, and metabolic au-
toregulatory mechanisms combine to adjust vascular resistance
and tissue blood flow continuously to meet tissue requirements.
The partial pressure of oxygen is chief among the local factors
regulating tissue blood flow. Decreases in the arterial partial
pressure of oxygen (i.e., ischemia or hypoxemia) cause vasodi-
latation and vice versa. Similarly, sustained increases in the local
concentration of carbon dioxide, hydrogen ions, potassium, lac-
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tic acid, and/or adenosine induce arteriolar (the chief resistance
vessels) vasodilatation. It is noteworthy that acid-base (pH <
7.20) and electrolyte disturbances (c K+), relatively short periods
(longer than 8 to 10 min) of hypoxemia (PaO2 < 40 mm Hg) or
ischemia (<25% of normal blood flow), and prolonged or exces-
sive exposure to drugs (most anesthetics) can blunt or abolish
baroreceptor and chemoreceptor reflex activity and the vascular
response to sympathetic stimulation, leading to a poor compen-
satory response and a delay in normal tissue blood flow.

Neural Control of Cardiovascular Function
Nervous system regulation of the cardiovascular system and
blood volume depends on three components within the nervous
system: afferent input, central integration and processing, and ef-
ferent output.76,83 Neural and hormonal factors, including os-
moreceptors in the hypothalamus, antidiuretic hormone released
by neurons in the supraoptic and paraventricular nuclei, aldos-

terone and renin produced by the kidney, and the release of atrial
natriuretic peptide (ANP) by atrial receptors sensitive to stretch,
are all integrally involved in maintaining plasma and therefore
blood volume. The one mechanism above all others, however,
that dominates the control of plasma and blood volume is the ef-
fect of blood volume on arterial blood pressure and the conse-
quences of arterial blood pressure on the urinary excretion of
sodium and water (Fig. 4.30A).4 Alterations in arterial blood
pressure, therefore, can have profound effects on fluid exchange
and blood volume (natriuresis and pressure diuresis). The inter-
play of these mechanisms ultimately controls hemodynamics,
blood volume, extracellular fluid volume, and renal excretion of
salt and water (Fig. 4.30B).

Afferent Input
Afferent input to the CNS is received from peripheral sensors
that respond to acute changes in blood pressure, blood volume,
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Fig. 4.29. Nervous, humoral, and local (tissue) regulatory factors ensure that blood flow and pressure are maintained within physiological lim-
its. Mechanoreceptors and chemoreceptors sense changes in wall tension (stretch) and pH and blood gases (arterial oxygen partial pressure
[PaO2] and partial pressure of carbon dioxide [PaCO2]), respectively. Substances produced in peripheral tissues and released into the circula-
tion by endocrine glands also modulate blood vessels and the distribution of blood flow. Nervous impulses generated by the heart, vasculature,
and peripheral sensors are transmitted to and integrated in the brain stem, which alters sympathetic and parasympathetic tone in order to make
appropriate adjustments. The release of norepinephrine (NE) by sympathetic nerves stimulates the heart and constricts blood vessels. The re-
lease of acetylcholine (Ach) by parasympathetic nerves depresses the heart. PCO2, partial pressure of carbon dioxide; PO2, partial pressure of
oxygen; +, stimulatory; and �, inhibitory. Modified from Shepherd and Vanhoutte,102 p. 12.

FPO



and tissue metabolism. These peripheral sensors are the first step
in a reflex arc in which the effector organs are the heart and vas-
culature. The reflex arc generally operates as a negative-feedback
system designed to maintain a variable blood pressure at a fixed
value, or set point.83

Arterial baroreceptors are stretch receptors (mechanorecep-
tors) located in the carotid sinus and aortic arch that respond to
increases in arterial blood pressure by incremental increases in
the firing rate of sensory fibers, which are carried by the glos-
sopharyngeal and vagus nerves.76 These impulses travel to the
nucleus tractus solitarius within the CNS, are processed, and ini-
tiate an effector response that returns blood pressure to its normal
range (Fig. 4.29). This response is accomplished by parasympa-

thetic activation, which decreases heart rate and inhibition of
sympathetic vasoconstrictor output to arterioles and veins.
Baroreceptors become inoperative at an arterial blood pressure
below 60 mm Hg, but the frequency of nerve impulses increases
progressively as pressure rises above 60 mm Hg, reaching a max-
imum at approximately 180 mm Hg.4,83 Most baroreceptors have
a set point of approximately 100 mm Hg. However, if arterial
blood pressure changes to a new value and remains static, the
baroreceptors can “reset” to this new set point within 24 to 48 h.
This is why baroreceptors are only effective for short-term con-
trol of blood pressure. Most, if not all, anesthetic drugs interfere
with baroreceptor responsiveness. Inhalation anesthetics in par-
ticular depress normal baroreflex responsiveness and diminish
sympathetic output from the CNS. The degree of baroreceptor
depression depends on both the depth of anesthesia and the pa-
tient’s physical status.84,85
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Fig. 4.30. The effect of arterial blood pressure on the urinary excre-
tion of Na+ and urine volume (A), and a scheme for a basic feedback
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Table 4.7. Factors that regulate arterial blood pressure and tissue
perfusion

Immediate (short term)
1. Autonomic nervous system (sympathetic and parasympa-

thetic)
Regulates heart rate and vessel tone and capacity

2. Vascular baroreceptor or pressoreceptor reflexes (stretch
receptors)
Regulate heart rate and vessel tone and capacity

3. Cardiac stretch receptors
Regulate heart rate and vessel tone and capacity

4. Chemoreceptor reflexes (sense changes in oxygen and
carbon dioxide (hydrogen ions)
Regulate heart rate and vessel tone

5. Bloodborne (humoral) responses (epinephrine and
norepinephrine)
Regulate heart rate, vessel tone, and cardiac contractility

6. Local factors
Arteriolar oxygen partial pressure

Decreased oxygen produces vasodilatation and vice versa
Local metabolites

Increased production of carbon dioxide, hydrogen ions,
and lactate

Myogenic autoregulation
Adjusts vessel tone to changes in blood pressure

Intermediate
1. Transcapillary fluid shifts (Starling’s law of the capillary)

Regulate fluid filtration and reabsorption
2. Hormonal responses (renin and angiotensin)

Regulate vessel tone and salt and water retention

Long term
1. Oral fluid consumption

Regulates net fluid intake
2. Renal control system (vasopressin [ADH], aldosterone, and

atrial natriuretic peptide)
Regulates total body water and renal fluid output



Cardiac mechanoreceptors are located in the right and left atria
and ventricles and help to minimize changes in systemic blood
pressure in response to changes in blood volume. These cardiac
stretch receptors differ from the baroreceptors in that the stretch
receptors respond to comparatively small changes in stretch or
pressure as do pressure receptors within the pulmonary circula-
tion. The atria contain two types of receptors located at the
venoatrial junctions.83 Atrial A receptors react primarily to
changes in heart rate, whereas B receptors respond to short-term
changes in atrial volume. An increase in atrial volume activates
both the A and B atrial mechanoreceptors, sending impulses to
the medulla via vagal afferents. Depending on the prevailing
heart rate and arterial blood pressure, heart rate may increase
(Bainbridge reflex) or decrease (baroreflex and activation of
atrial depressor C fibers). Atrial distension also decreases sympa-
thetic output to renal afferent arterioles, resulting in vasodilation,
while the hypothalamus receives neural input, which decreases
the release of vasopressin (antidiuretic hormone) that acts to in-
crease urine flow.76 A rapid loss of free water into the urine helps
return circulating blood volume to normal values. In addition to
these neural responses, ANP and brain natriuretic peptide (BNP)
are released into the bloodstream.73 ANP is produced in atrial
cardiocytes in response to atrial distension and increases sodium
excretion by the kidney with an accompanying increase in water
loss.74 Similarly, BNP, produced by ventricular muscle cells, de-
pends on increases in ventricular filling pressures and myocardial
stretch and becomes elevated during myocardial dysfunction.73

Ventricular mechanoreceptors located in the ventricular endo-
cardium discharge in parallel with changes in ventricular pres-
sure and produce effects that help to regulate systemic blood
pressure and myocardial work. Ventricular distension, however,
also stimulates powerful depressor reflexes that decrease heart
rate and peripheral vascular resistance, resulting in bradycardia
and hypotension (Bezold-Jarisch reflex).83 The activation of ven-
tricular nonmyelinated C fibers serves as the basis for this reflex
response. Impulses initiated by either ventricular distention or
the injection of certain chemicals (e.g., capsaicin or serotonin)
into the coronary arteries can produce the Bezold-Jarisch reflex,
which is also called the coronary chemoreflex.83

The carotid artery and aortic arch contain specialized sensory
chemoreceptors termed the carotid and aortic bodies (Fig. 4.29).76

The carotid and aortic bodies receive the highest blood flow per
gram of tissue weight of any organ within the body. These
chemoreceptors are sensitive to changes in arterial oxygen and
carbon dioxide tension, hydrogen-ion concentration (pH), and
temperature. The chemoreceptors of the carotid and aortic bodies
help to regulate respiratory function in response to decreases in
pH and the arterial partial pressure of oxygen and increases in the
arterial partial pressure of carbon dioxide. Afferent activity from
the carotid body is carried by the glossopharyngeal nerve and
from the aortic body by the vagus. These sensors are most sensi-
tive to changes in hydrogen-ion concentration and respond pro-
portionally to the magnitude of the change from their set point.
The set point for activation is a pH below 7.40. The approximate
set point for carbon dioxide is 40 mm Hg and for oxygen 80 mm
Hg. Increases in afferent activity from the chemoreceptors in-

crease minute ventilation, restoring arterial blood pH, carbon
dioxide, and/or oxygen to normal. Hypoxia, hypercarbia, and
nonrespiratory acidosis may cause bradycardia, coronary vasodi-
lation, and an increase in systemic arteriolar resistance. This ef-
fect is pronounced if the normal increase in ventilation is pre-
vented, for example, during anesthesia. Chemoreceptors located
in the ventricular epicardium respond to hypoxia or ischemia by
initiating the coronary chemoreflex (Bezold-Jarisch reflex), pro-
ducing bradycardia and hypotension (Table 4.8).

Central Nervous System Integration
No single brain nucleus or center controls cardiovascular func-
tion; rather, multiple regions modulate the autonomic nervous
system. When afferent impulses from peripheral sensors arrive in
the brain, they are integrated to produce a neural and/or humoral
response. The nucleus tractus solitarius (NTS) in the medulla is
the relay station for afferent impulses from peripheral sensors
(Fig. 4.31). Neurons originating in the NTS send information to
the vagal nucleus and to various regions collectively referred to
as the vasomotor center. Vagal nuclei send nerve fibers directly
to the heart. Nerve cell bodies for the sympathetic nervous sys-
tem are located in the thoracolumbar spinal cord and are linked
to the NTS through axons traveling in the bulbospinal tract (Fig.
4.32). The bulbospinal tract contains both excitatory and in-
hibitory axons that cause either increases or decreases in sympa-
thetic output. Centers in the hypothalamus link the somatic and
autonomic responses necessary for animals to adapt to their en-
vironment. The centers initiate adrenergic constriction of resist-
ance and capacitance vessels and cholinergic dilation of vessels
supplying skeletal and cardiac muscle during the fight-flight re-
sponse. Hypothalamic centers modulate the cardiovascular re-
sponse (cutaneous vasoactivity) to body temperature changes
during shivering, sweating, or panting. The hypothalamus also
modulates the cardiovascular response to exercise and may be in-
volved in blood pressure regulation.76 Finally, the cerebral cortex
influences cardiovascular function by modulating the cardiovas-
cular response to exercise, emotion, ischemia, and hypoxia.83

Efferent Output
The autonomic nervous system, which is the efferent link be-
tween the CNS and the cardiovascular system, provides rapid
control of both blood pressure and blood flow.76 Efferent im-
pulses are carried by sympathetic and parasympathetic nerves.
Adrenergic and cholinergic receptors in target organs initiate the
intracellular changes that produce a cellular response to the sig-
nals arriving from the CNS (Table 4.9).

Sympathetic Nervous System
Sympathetic pathways originate in the intermediolateral columns
of the thoracolumbar segments of the spinal cord.74,76 Both in-
hibitory input and excitatory input arrive at preganglionic sympa-
thetic nerve cell bodies via axons traveling in the bulbospinal
tract (Fig. 4.32). Descending inhibitory pathways are serotonin-
ergic; descending excitatory pathways are adrenergic. The bal-
ance between these two types of input determines the prevailing
level of sympathetic tone to the periphery.
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Preganglionic sympathetic nerves send axons via the ventral
roots of the spinal cord to paravertebral ganglia located just out-
side of the vertebral column. Many of the preganglionic fibers as-
cend the paravertebral chains and synapse with postganglionic
neurons in the cranial, middle, and caudal (stellate) cervical gan-
glia (Fig. 4.33). Here they synapse with postganglionic sympa-
thetic neurons, which send their fibers to the heart, blood vessels,
and viscera. Postganglionic cardiac sympathetic nerve fibers in-
nervate the sinoatrial node, the atrioventricular node, the atria,
and the myocardium (Fig. 4.32). Postganglionic sympathetic
fibers release the neurotransmitter norepinephrine, which binds
to adrenoreceptors on cardiac cell membranes (Table 4.9).

Postganglionic sympathetic nerve fibers also leave the par-
avertebral ganglia via spinal nerves to innervate vessels through-
out the body. Normally, sympathetic tone maintains a partial state
of contraction in vascular smooth muscle, providing the resis-
tance necessary to maintain adequate systemic blood pressure
and aid in the control of the fractional distribution of cardiac out-
put to body tissues.73,76 The extent of innervation to the resis-
tance vessels (arterioles) varies with tissue type. The kidney,
spleen, gastrointestinal tract, and skin are extensively innervated
by the sympathetic nervous system. Redistribution of blood flow
away from these tissues during times of crisis preserves blood
flow to the brain, heart, and skeletal muscle.

Sympathetic Neurotransmission
The vast majority of sympathetic postganglionic fibers are adren-
ergic, releasing norepinephrine at their neuroeffector junctions.
The amino acid tyrosine is the substrate used by these nerves to
produce norepinephrine. Tyrosine is actively transported across
the nerve cell membrane into the neural axoplasm, where it is
converted by tyrosine hydroxylase and decarboxylation to
dopamine, which is stored in vesicles within the nerve. Inside the
storage vesicles, a final hydroxylation step takes place to produce
the neurotransmitter norepinephrine. Nerve action potentials in-
crease intracellular calcium, causing the vesicles to fuse with the
nerve cell membrane and release norepinephrine into the synap-
tic cleft, where it binds to a variety of adrenoreceptors (Table
4.9). There are presynaptic receptors on the nerve cell membrane
and postsynaptic receptors on the effector organ. Postsynaptic re-
ceptor binding of norepinephrine triggers a cascade of intracellu-
lar events that ultimately produce a cellular action. The effective
half-life of norepinephrine after release into the synaptic cleft is
very short. Norepinephrine is degraded locally at the neuroeffec-
tor junction by the enzymes, monamine oxidase (MAO) and
catechol-O-methyltransferase (COMT). Most of the norepineph-
rine released into the synaptic cleft undergoes reuptake into
adrenergic nerve terminals, where it reenters storage vesicles.
This neuronal amine-uptake system is designated uptake 1 and
has a high affinity for norepinephrine, a lower affinity for epi-
nephrine, and little affinity for the synthetic �-adrenergic agonist
isoproterenol. Norepinephrine may rapidly diffuse out of the
synaptic cleft, where it undergoes reuptake at extraneuronal sites
or is carried into the venous blood and metabolized in the lung.
The extraneuronal reuptake pathway has been designated uptake
2 and has a low affinity for norepinephrine, a higher affinity for
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Table 4.8. Cardiovascular and pulmonary reflexes and signs

01. Branham’s sign: slowing of the heart rate following com-
pression or excision of an arteriovenous fistula (e.g., patent
ductus arteriosus ligation).

02. Bainbridge reflex: an increase in heart rate caused by a rise
in blood pressure in the great veins as they enter the right
atrium.

03. Bezold-Jarisch reflex: afferent and efferent pathways in the
vagus nerve—stimulation of cardiac, primarily ventricular,
chemoreceptors or stretch receptors (mechanoreceptors),
induce sinus bradycardia, hypotension, and peripheral
vasodilation. Stretch of ventricular mechanoreceptors are
responsible for syncope when standing.

04. High-pressure baroreceptor or pressoreceptor reflex:
decreases in heart rate initiated by increases in arterial
blood pressure. A decrease in arterial pressure produces
hyperventilation, and an increase in arterial blood pressure
causes respiratory depression and ultimately apnea.

05. Atrial stretch-receptor reflex: atrial distension causes the
release of atrial natriuretic peptide (ANP) from the atria,
resulting in diuretic activity, vasodilation, inhibition, and
aldosterone secretion. ANP is an endogenous antagonist of
angiotensin II. This response was previously considered to
be a low-pressure baroreceptor response, but has since
been demonstrated to be dependent on atrial stretch, not
pressure. Sinus and supraventricular tachycardias are
common stimuli for this response.

06. Vasovagal reflex: initiated by a decrease in venous return to
the heart (e.g., hypovolemia, orthostasis, compression of
the inferior vena cava, and regional analgesia), causing
sinus bradycardia and vasodilation. The term has come to
include neurocardiogenic syncope, carotid sinus syndrome,
and micturition syncope in human patients.

07. Craniocardiac reflex: stimulation of cranial nerves (olfactory,
ophthalmic, and trigeminal), resulting in bradycardia and
hypotension (depressor effects).

08. Abdominocardiac reflex: mechanical stimulation of the
abdominal viscera causes changes in heart rate, usually
slowing; rarely causes extrasystoles.

09. Oculocardiac reflex (Aschner’s reflex): compression of the
eyeball causes slowing of sinus heart rate.

10. Hering-Breuer reflex: effects of the vagus in the control of
respiration—lung inflation arrests inspiration, and lung
deflation initiates inspiration.

11. Pulmonary chemoreflex: stimulation of C-fiber endings
(juxtapulmonary capillary receptors [J receptors]) by tissue
damage. Fluid accumulation of cytokines produces sinus
bradycardia, hypotension, shallow breathing and apnea,
bronchoconstriction, and mucous secretion (e.g., isoflurane
administration).

12. Venorespiratory reflex: increases in right atrial pressure
stimulate increases in respiration.

13. Cough reflex: stimulation of the larynx, trachea, or main
bronchi or chemical stimulation throughout the respiratory
tree result in cough.

14. Vagovagal reflex: afferent and efferent pathways in the
vagus nerve—stimulation or irritation of the larynx or tra-
chea by a laryngoscope or endotracheal tube precipitates
bradycardia.
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Fig. 4.31. Mechanoreceptors in the
carotid sinus and aortic arch send im-
pulses via the carotid sinus nerve, a
branch of the glossopharyngeal nerve,
and the vagosympathetic trunk, re-
spectively, to the solitary tract nucleus
in the brain stem (cardiovascular cen-
ters). Changes in the activity of these
mechanoreceptors caused by changes
in arterial blood pressure result in ad-
justments in sympathetic and parasym-
pathetic outflow to the heart and resist-
ance (arterial) and capacitance (veins)
vessels. Ach, acetylcholine; AV, atri-
oventricular node; NE, norepinephrine;
and SA, sinoatrial node. Modified from
Shepherd and Vanhoutte,102 p. 132.

Fig. 4.32. Distribution of sympathetic and parasympathetic nerves to the cardiovascular system. The solitary-tract nucleus is the main receiv-
ing point in the brain stem for afferent input arriving from peripheral sensors and higher centers in the brain. Interneurons connect the solitary-
tract nucleus to the vasomotor center, from which bulbospinal tract fibers descend to the spinal cord and synapse with preganglionic sympa-
thetic nerves to the heart and blood vessels. Interneurons also connect the solitary-tract nucleus to the vagal nucleus in the brain stem, where
neurons synapse with preganglionic parasympathetic nerve fibers, which are carried by the vagus nerve to the heart. Parasympathetic nerve
fibers to the blood vessels of the colon and genital organs arise from centers in the sacral portion of the spinal cord. Ach, acetylcholine; AV, atri-
oventricular node; L, left vagus; NE, norepinephrine; R, right vagus; and SA, sinoatrial node. Modified from Shepherd and Vanhoutte,102 p. 124.
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epinephrine, and a very high affinity for isoproterenol. Uptake 2
is of the greatest physiological significance in the elimination of
circulating catecholamines, primarily epinephrine, released by the
adrenal gland, and has little physiological significance for norep-
inephrine released at postganglionic sympathetic nerve terminals.

Adrenoreceptors
The sequence of intracellular events initiated by receptor binding
of norepinephrine is determined by the type of adrenoreceptor
stimulated. The classification of adrenoreceptors continues to
evolve based on both pharmacological and molecular criteria.83–87

All adrenoreceptors have a similar homology of structure and pro-
duce intracellular events by binding to membrane guanine
nucleotide–regulatory proteins (G proteins).88 The structure of the
G-protein–coupled receptor consists of a single-subunit protein
with seven hydrophobic transmembrane segments, three hy-
drophilic extracellular sequences, and three hydrophilic intracyto-
plasmic loops. These membrane-associated regulatory proteins

serve to convert the signal arriving at the cell membrane into a
specific enzyme system response or ion-channel activity that pro-
duces a cellular response. Autonomic transmission in the cardio-
vascular system is initiated by stimulation of three different G
proteins: Gs stimulates adenylate cyclase, causing a rise in intra-
cellular cAMP. Gi inhibits adenylate cyclase, decreasing the con-
centration of intracellular cAMP (Table 4.9). Gp activates phos-
pholipase C, which hydrolyzes phosphoinositol to inositol
triphosphate (IP3) and diacylglycerol (DAG). IP3 causes the re-
lease of calcium ions (Ca2+) from the sarcoplasmic reticulum.
DAG activates protein kinase C, which phosphorylates contractile
proteins in the myocardium and vascular smooth muscle.

�-Adrenoreceptors are classified pharmacologically into three
types—�1, �2, and �3—based on their relative affinities for var-
ious agonists.87 The physiological significance of the �3 receptor
is unclear, but appears to be involved in regulation of metabolism
and energy regulation. The �1- and �2-adrenoreceptor subtypes,
when activated by norepinephrine, epinephrine, or other �-
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Table 4.9. Mechanism of action of selected neurotransmitters

Transmitter Receptor Second Messenger Net Channel Effects

Acetylcholine NG and Ns — cNa+, other small ions
m1 cIP3, DAG cCA2+

m2 (cardiac) dcAMP dCa2+, cK+

m3 cIP3, DAG
m4 (glandular) dcAMP
m5 cIP3, DAG

Dopamine D1 ccAMP
D2 dcAMP cK+, dCa2+

Norepinephrinea �1 cIP3, DAG dK+

�2 dcAMP cK+, dCa2+

ß1 ccAMP
ß2 ccAMP
ß3 ccAMP

5HT 5HT1A dcAMP cK+

5HT1B dcAMP
5HT1C cIP3, DAG
5HT1D dcAMP dK+

5HT2 cIP3, DAG dK+

5HT3 — cNa+

5HT4 ccAMP

Adenosine A1 dcAMP
A2 ccAMP

Glutamate, aspartate NMDA — cNa+, Ca2+

AMPA — cNa+

Quisqualate cIP3, DAG —
Kainate — cNa+

GABA GABAA — cCl–

GABAB cIP3, DAG cK+, dCa2+

5HT, 5-hydroxytryptamine [serotonin]; AMPA, �-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; cAMP, cyclic adenosine monophosphate; DAG,
diacylglycerol; GABA, �-aminobutyric acid; IP3, inositol triphosphate; NMDA, N-methyl-D-aspartate.
aThree subtypes of �1 and three subtypes of �2 receptors have been identified.
Modified from Ganong.108



adrenergic agonists, stimulate the formation of the enzyme
adenylate cyclase through the Gs protein, causing an increase in
intracellular cAMP. �-Adrenoreceptors also activate L-type Ca2+

channels in myocardial and vascular tissue, thereby increasing
intracellular calcium concentration (Table 4.9). Both �1- and �2-
adrenoreceptors are found in the heart and are responsible for in-
creases in heart rate and contractility during sympathetic stimu-
lation (Table 4.10). �-Adrenoreceptor stimulation increases the
slope of phase 4 diastolic depolarization in pacemaker tissues
and subsidiary automatic cells. Increases in intracellular cAMP
and Ca2+ increase cardiac contractility and facilitate cardiac re-
laxation. Although both �1- and �2-adrenoreceptors are present
in the heart, �1-adrenoreceptors predominate during health, espe-
cially in the ventricular myocardium.

�2-Adrenoreceptors relax smooth muscle in vascular, bronchial,

gastrointestinal, and genitourinary tissues. �2-Adrenoreceptors 
in the vasculature are not innervated and therefore produce va-
sodilation in response to circulating catecholamines or drugs.
Their location in specific vascular beds suggests a role in the dis-
tribution of blood flow, especially during exercise.

Three �1-receptor subtypes have been classified according to
their affinity to adrenergic agonists.86,87 The receptor subtypes
are designated �1A, �1B, and �1C, but their distribution is not uni-
versal across species or within specific tissue beds. All �1-
adrenoreceptor subtypes currently identified produce their intra-
cellular effect by activation of the enzyme phospholipase C via
the Gp protein. Phospholipase C hydrolyzes phosphoinositol and
releases Ca2+ from intracytoplasmic stores, causing the contrac-
tile response seen in myocardial or vascular smooth muscle cells
(Tables 4.9 and 4.10).
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Fig. 4.33. The sympathetic nervous sys-
tem. Note the location of the stellate and hy-
pogastric ganglia. m, muscle. Modified from
Guyton,105 p. 668.
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Three subtypes of �2-adrenoreceptors—�2A, �2B, and 
�2C—have been identified by pharmacological studies, although
the tissue distribution of these subtypes is unclear.89 �2-
Adrenoreceptors inhibit adenylate cyclase through the Gi protein.
Inhibition of adenylate cyclase attenuates cAMP production in
target cells. This mechanism is important in platelets and renal
tubules; however, in vascular smooth muscle, an alternative sig-
nal transduction mechanism is responsible for the vasoconstric-
tor response. �2-Adrenoreceptors are located presynaptically and
extrasynaptically in vascular smooth muscle. Stimulation of ex-
trasynaptic �2-adrenoreceptors by �-adrenergic agonists acti-
vates a receptor-operated calcium channel that increases the con-
centration of calcium intracellularly, producing vascular smooth
muscle contraction that complements the contractile effect of 
�1-adrenoreceptors activated by stimulation of sympathetic
nerves. Because of their extrasynaptic location, �2-adrenorecep-
tors respond to circulating catecholamines, such as epinephrine
and norepinephrine, and aid in maintaining generalized sympa-
thetic vasoconstriction in response to catecholamine output from
the adrenal gland. This later response is important in the fight-
flight response that occurs in crisis situations such as trauma or
hemorrhage.

The �1- and �2-adrenoreceptors coexist in the vasculature as
described earlier.87 There is a greater response to �2 stimulation
on the venous side of the circulation compared to the arterial
side. Therefore, �2-adrenoreceptor–mediated vasoconstriction
may be most important in mobilizing blood volume from veins,
leading to an increase in cardiac filling, which is an important
first step in increasing cardiac output during stress situations
such as exercise or hemorrhage. Receptor-operated calcium
channels in vascular smooth muscle can be blocked by calcium
antagonists (e.g., verapamil, diltiazem, or nifedipine).89

The �1- and �2-adrenoreceptors can cause complementary or
antagonistic responses, depending on their location. For exam-

ple, norepinephrine stimulates �1-adrenoreceptors located on the
postsynaptic cell membrane, causing contraction of vascular
smooth muscle and vasoconstriction. Norepinephrine also binds
to presynaptic �2-adrenoreceptors, producing a negative-
feedback effect that decreases the release of norepinephrine from
the nerve terminal. Thus, �2-adrenoreceptors help to modulate
the vasoconstrictor response initiated by �1-postsynaptic-
receptor stimulation. The �2-adrenoreceptors help to ensure that
only a short-term vasoconstrictor response occurs after sympa-
thetic nerve stimulation.

Dopamine is the immediate metabolic precursor of norepi-
nephrine in adrenergic nerves and functions as a neurotransmit-
ter in the CNS (Table 4.9).90 Disorders of dopamine transmission
in the CNS are recognized clinically in human patients as Park-
inson’s disease. Peripheral dopamine receptors (DA1 and DA2)
are particularly important in regulating blood flow to the mesen-
teric and renal vascular beds. Postsynaptic DA1 receptors in the
renal and mesenteric vascular beds cause vasodilation, increas-
ing perfusion to renal and splanchnic tissues. DA2 receptors, lo-
cated presynaptically on postganglionic sympathetic nerves, in-
hibit the release of norepinephrine, much like the presynaptic �2-
adrenoreceptors.

Stimulation of postganglionic sympathetic fibers supplying
vascular smooth muscle causes not only the release of the neuro-
transmitter norepinephrine, but also the release of the cotransmit-
ter neuropeptide Y.90,91 Neuropeptide Y is present in vesicles
contained in postganglionic sympathetic nerve terminals, is syn-
ergistic with the effects of norepinephrine on the peripheral vas-
culature, and produces vasoconstriction. Neuropeptide Y is also
found in the adrenal medulla. Circulating levels of neuropeptide
Y inhibit renin release and stimulate the release of ANP. The role
of neuropeptide Y in cardiovascular regulation has not been fully
characterized; however, it may be an important mediator in the
central control of blood pressure.
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Table 4.10. G-protein–coupled receptor superfamily of genes and gene products in cardiac tissuea

Receptor Type 
and Subtype Location G Protein Biological Response

Adrenergic
ß1 Myocardium Gs AC stimulation, positive inotropic and chronotropic responses

Coronary vascular G2 AC stimulation, vasodilation(?)
ß2 Myocardium Gs AC stimulation, positive inotropic and chronotropic responses

Coronary vasculature(?) Gs AC stimulation, vasodilation(?)
�1 Myocardium Gp PI hydrolysis stimulation, positive inotropic response(?)

Coronary vasculature Gp PI stimulation, vasoconstriction
Muscarinic

m2 Myocardium Gi Shorten atrial action potential; slow sinus rate; slow AV 
conduction; AC inhibition, negative inotrope, and chronotrope

m3 Coronary smooth muscle Gp(?) PI stimulation, vasoconstriction
m3 Coronary endothelium Gp(?) EDRF production, GC stimulation, vasodilation

aAC, adenylate cyclase; EDRF, endothelium-derived relaxing factor or nitric oxide; GC, guanylate cyclase; PI, phosphatidylinositol.
Modified from Opie,106 p. 164.



Sympathetic cholinergic nerve fibers originate in the cerebral
cortex and send descending fibers to the spinal cord. These nerve
fibers synapse in the sympathetic ganglia and send postgan-
glionic fibers to precapillary vessels in skeletal muscle.83 Post-
ganglionic cholinergic sympathetic nerve fibers are activated
only during times of high sympathetic tone (fear, pain, or exer-
cise) and release acetylcholine, which produces vasodilation in
skeletal muscle.

Parasympathetic Nervous System
The parasympathetic nervous system (PNS) originates from two
sites within the CNS: cervical spinal cord and sacral spinal cord
(Fig. 4.34). Long preganglionic parasympathetic nerve fibers lo-
cated in the CNS synapse with relatively short postganglionic

parasympathetic neurons in ganglia located in the target organ.
The cranial portion of the parasympathetic nervous system orig-
inates in the medulla oblongata. Axions travel via the vagus
nerve to synapse with postganglionic parasympathetic nerves
that terminate in the heart and blood vessels.76,83

Parasympathetic Neurotransmission
Acetylcholine is the neurotransmitter released at autonomic gan-
glia and from postganglionic parasympathetic nerves.
Cholinergic nerves actively transport choline from the extracellu-
lar fluid into the neural axoplasm, where it is acted upon by the
enzyme choline acetyltransferase, combined with acetyl coen-
zyme A, and converted to acetylcholine, which like norepineph-
rine is stored in vesicles within the nerve. Cholinergic nerve ac-
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Fig. 4.34. The parasympathetic nervous
system. Note the distribution of cranial
nerves III, IV, V, IX, and X. mm, muscles.
Modified from Guyton,105 p. 669.
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tion potentials increase intracellular calcium, causing vesicular
and nerve cell membrane fusion and the release of acetylcholine
into the synaptic cleft. Acetylcholine binds to specific receptors,
mediating a cellular response that varies with the tissue inner-
vated and the type of cholinergic receptor involved. The actions
of acetylcholine are rapidly terminated by hydrolysis into choline
and acetic acid by the enzyme acetylcholinesterase. The acetyl-
choline that diffuses out of the synaptic cleft and into the extra-
cellular fluid or plasma is hydrolyzed by plasma butyryl-
cholinesterase (pseudocholinesterase). The choline produced
from this metabolism is rapidly taken up by the nerve cell and
used in the resynthesis of acetylcholine.

Cholinoreceptors
Cholinergic receptors are either nicotinic or muscarinic and are
totally unrelated in location, structure, and function (Tables 4.9
and 4.10). Nicotinic receptors are located in autonomic ganglia,
in the adrenal medulla, and at the neuromuscular junction of
skeletal muscle. Muscarinic receptors are located at postgan-
glionic parasympathetic nerve terminals.92

Nicotinic receptors are pentameric membrane proteins that
form a nonselective ion channel in the cell membrane.
Postsynaptic nicotinic receptors, located in the autonomic gan-
glia or the neuromuscular junction, when stimulated by acetyl-
choline, open their ion channel, allowing the flow of cations into
the nerve or muscle cell, resulting in depolarization and ulti-
mately nerve cell transmission of an electric impulse or muscu-
lar contraction. Nicotinic receptors are subclassified into NG re-
ceptors, located at autonomic ganglia, and NS receptors, located
in the neuromuscular junction and within the CNS.

Muscarinic receptors are located in the autonomic effector or-
gans of the parasympathetic nervous system, for example, the
heart, smooth muscle, and the exocrine glands.92 They are G pro-
tein coupled and show more homology to adrenergic and dopa-
minergic receptors than to the nicotinic cholinergic receptors.
Five different cholinergic receptors have been distinguished
through molecular binding techniques. Muscarinic receptors m1,
m3, and m5 are functionally similar and, when bound to their re-
spective G proteins, stimulate phosphoinositol hydrolysis
through activation of phospholipase C (Table 4.10). Muscarinic
receptors m2 and m4 show similarity in that they both attenuate
the actions of adenylate cyclase intracellularly.

The vagus nerve innervates the sinoatrial node, the atrial my-
ocardium, the atrioventricular node, and to a much lesser extent
the ventricular myocardium. Stimulation of m2 receptors by
acetylcholine activates several different membrane G proteins,
resulting in inhibition of adenylate cyclase, activation of potas-
sium channels, and activation of phospholipase C, which hy-
drolyzes phosphoinositol. These effects cause a decrease in the
slope of phase 4 diastolic depolarization in pacemaker and sub-
sidiary automatic tissues, and hyperpolarization of cardiac cell
membranes through activation of membrane potassium channels.
Heart rate is decreased, as are the rate of conduction of impulses
through the atrioventricular node and cardiac contractility. High
levels of parasympathetic tone can produce atrioventricular block
(first-degree, second-degree, and third-degree heart block) and

temporary cardiac asystole. Stimulation of the parasympathetic
nervous system produces minimal effects on most peripheral
blood vessels. Acetylcholine binds to m2 receptors in vessels,
which mediates an endothelium-dependent vasorelaxation (Fig.
4.35).

The sacral division of the parasympathetic nervous system has
preganglionic nerve cell bodies located in the intermediolateral
column of the spinal cord.76,83 Parasympathetic nerves in this re-
gion congregate to form the nervi erigentes or pelvic nerves that
innervate the intestines, colon, rectum, bladder, and genitalia
(Fig. 4.34). Stimulation of the parasympathetic nerves also
causes increased blood flow to salivary glands and genital erec-
tile tissue.

Humoral Mechanisms
The autonomic nervous system functions to produce acute
changes in cardiovascular function that can be large in magni-
tude, but are generally brief. Sustained changes in cardiopul-
monary function are produced by humoral mechanisms (Table
4.7).75–77 The adrenal medulla is a modified sympathetic gan-
glion innervated by preganglionic sympathetic fibers and is part
of the sympathetic nervous system. The neuronal cells of the ad-
renal medulla, rather than sending axons to target organs, release
the neurotransmitters, epinephrine and norepinephrine, into the
circulation. Precipitating factors for the release of cate-
cholamines from the adrenal medulla include pain, trauma, hypo-
volemia, hypotension, hypoxia, hypothermia, hypoglycemia, ex-
ercise stress, and fear (fight-flight). Circulating catecholamines
produce a variety of effects, including increases in metabolic
rate, glycogenolysis in the liver and skeletal muscle, gluconeo-
genesis in the liver, and an increase in the availability of free fatty
acids, an important nutrient source for the myocardium.
Circulating catecholamines increase heart rate and cardiac con-
tractility, dilate vascular beds in skeletal and cardiac muscle, and
constrict splanchnic and cutaneous arterioles, diminishing blood
supply to organs that are less essential during a fight-flight re-
sponse.66 The actions of the adrenal medulla are complementary
to the effects of sympathetic nerve stimulation. Together the au-
tonomic nervous system and humoral mechanisms provide both
rapid (nervous system) and sustained (humoral) responses to
stressful situations.75,76,83

The kidney is the major site for activation of the renin-
angiotensin system.75 Renin is produced in the kidney during
sodium depletion, decreases in extracellular fluid volume, or in-
creases in sympathetic output (Table 4.11). Secretion of renin
into the systemic circulation converts circulating angiotensino-
gen, produced by the liver, to angiotensin I. Angiotensin I is con-
verted to angiotensin II by an angiotensin-converting enzyme
that is present in pulmonary vascular endothelium. Angiotensin
II produces arteriolar constriction, producing increases in blood
pressure, and stimulates the adrenal cortex to release aldosterone,
a hormone that causes renal reabsorption of Na+ and water, ef-
fectively increasing thirst and the extracellular fluid volume 
(Fig. 4.36).

The hypothalamus is directly involved in the central neural

104 ● Physiology



control of cardiovascular responses, but it also plays an important
role in the humoral regulation of cardiovascular function.
Arginine vasopressin (antidiuretic hormone [ADH]) is produced
in the hypothalamus and is transported through nerve cell axons
to the posterior pituitary.75 Under normal circumstances, the pi-
tuitary releases vasopressin in response to increases in plasma
solute, resulting in an increase in circulating vasopressin.
Vasopressin acts on the collecting ducts of the kidney, where it
stimulates water conservation, thereby returning plasma osmolal-
ity (and volume) to normal. Vasopressin is a vasoconstrictor, es-
pecially in mesenteric vessels; therefore, the presence of circulat-
ing vasopressin is influential in the redistribution of systemic

blood flow. Vasopressin release by the pituitary can also occur in
the absence of changes in plasma osmolality. Examples of nonos-
motic stimuli that cause the release of vasopressin are pain,
stress, hypoxia, heart failure, and vascular volume depletion. A
number of anesthetic drugs are associated with increased circu-
lating levels of arginine vasopressin, including opioids (mor-
phine and meperidine) and barbiturates.75

Local Control Systems in the
Vasculature
Autoregulation is the ability of blood vessels to adjust blood flow
in accordance with metabolic need and to maintain blood flow
despite extreme changes in tissue perfusion pressure (Fig.
4.37).66 Most tissues can regulate their own blood flow during
physiological changes in perfusion pressure.68

Neurogenic basal tone exists in many vessels. Nonneurogenic
(intrinsic) basal tone is additive to neurogenic basal tone and is
present in vessels of the skin and skeletal muscle. A reduction in
vasomotor tone in these vessels usually represents a reduction in
the neurogenic component. Active dilation is a term applied when
vascular tone decreases below the nonneurogenic basal level and
is the result of two components, a pressure-sensitive mechanism
termed the myogenic component and a metabolic mechanism that
is influenced by local oxygen tension.66,68 Both mechanisms are
linked to the release of local vasodilatory mediators. This phe-
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Fig. 4.35. Various agonists (acetylcholine, bradykinin, and substance P) stimulate receptors on the vascular endothelium, leading to the for-
mation of nitric oxide (NO), which modulates the formation of soluble guanylyl cyclase, which in turn facilitates the formation of cyclic guano-
sine monophosphate (cGMP) and smooth muscle relaxation. Ca2+, calcium; CaM, calmodulin; GTP, guanosine triphosphate; and PPi, free phos-
phate. Modified from Guyton.105

Table 4.11. Stimuli that increase renin secretion

Increased sympathetic activity
Sodium depletion
Diuretics
Hypotension
Hemorrhage
Upright posture
Dehydration
Constriction of renal artery or aorta
Cardiac failure
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nomenon, also termed reactive hyperemia, occurs in arterioles
less than 25 µm in diameter. The myogenic mechanism is respon-
sible for reactive hyperemia after short occlusion periods (<30 s).
As flow returns to the previously occluded arteriole, blood flow
velocity increases, which increases wall shear stress, causing the
release of nitric oxide from the vascular endothelium.93 The meta-
bolic component of reactive hyperemia occurs after longer peri-
ods of occlusion (30 s). Decreases in oxygen tension release a va-
sodilatory prostaglandin that maintains blood flow until normal
oxygen tension is reestablished. Endothelial damage in small ar-
terioles eliminates the reactive hyperemic response altogether,
since both nitric oxide and prostaglandins are products of vascu-
lar endothelial cells.66,79,82,93 Hyperbaric oxygen conditions also
eliminate the metabolic component of reactive hyperemia by
maintaining elevated oxygen tensions in tissues despite vascular
occlusion. Stretch of vascular smooth muscle opposes the myo-
genic vasodilator response seen in larger vessels (Bayliss ef-
fect).66 The proposed mechanism for the Bayliss effect is a
pressure-induced depolarization of the endothelial cell mediated
through an inwardly rectifying potassium channel. The effects of
anesthetic drugs on reactive hyperemia and the Bayliss effect are
incompletely understood and highly variable.

Capillary blood flow is linked to the rate of tissue metabolism
and oxygen tension. The exact mechanism involved in this link-
age is not completely understood, although a number of mecha-
nisms may be responsible for regulating capillary blood flow.68

The number of open precapillary sphincters is approximately
proportional to the level of metabolic activity in the tissue sup-
plied. As metabolic activity increases, the local oxygen tension
decreases until a critical level of tissue hypoxia occurs, inducing
vasodilation. Precapillary sphincters are also responsive to medi-
ators that are released as by-products of tissue metabolism, such
as lactic acid, carbon dioxide, and potassium.

Peptides and other substances are important in regulating tis-
sue blood flow (Table 4.12). The actions of local enzymes pro-
duce kinins such as bradykinin from the substrate kallikrein.
Kinins produce vasodilatory effects that are short-lived because
of rapid inactivation by peptidases in the plasma. Arachidonic
acid metabolism produces a variety of prostaglandins that tend to
be compartmentalized and produce very specific local effects.
Stimulation of arachidonic acid metabolism in the pulmonary
vasculature results in the production of the vasodilatory
prostaglandin prostacyclin (prostaglandin I2 [PGI2]). Renal hy-
poperfusion initiates the production of PGI2, which acts to re-
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Fig. 4.36. The renin-angiotensin system.
Note that either hypotension or hypov-
olemia can cause renal hypoperfusion and
activation of the sympathetic nervous sys-
tem, which increase renal renin release.
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store renal blood flow, urine volume, and sodium excretion. The
preanesthetic administration of nonsteroidal anti-inflammatory
analgesics (NSAIAs) may interfere with the production of these
important prostaglandins by cyclooxygenase enzyme inhibition.
There are specific receptor sites on vascular endothelium for a
variety of agonists (including acetylcholine, bradykinin, and his-
tamine) that when bound by the appropriate agonist induce the
formation and release of nitric oxide. Nitric oxide is rapidly de-
activated by hemoglobin and therefore is only important as a
local mediator. Nitric oxide relaxes vascular smooth muscle
through stimulation of guanylate cyclase, increasing intracellular
cGMP (Fig. 4.35). Vascular endothelial cells also produce a po-

tent vasoconstrictor substance known as endothelin that acts
upon endothelin receptors on vascular smooth muscle cells.66,83

Endothelin is released by the endothelium in response to in-
creased intraluminal pressure, contributing to the Bayliss effect,
and is selective for certain vascular beds, including coronary ves-
sels, renal afferent arteries, and venous capacitance vessels. It is
both a positive inotrope and a chronotrope. Endothelin increases
plasma levels of other humoral mediators, such as atrial natri-
uretic factor, renin, aldosterone, and circulating catecholamines.
Endothelin receptors have been located in several areas of the
brain involved in modulation of autonomic nervous system effer-
ent activity (Table 4.12).

Diseases of the Cardiovascular System
Heart Disease
Historically, heart disease has been categorized based on cause,
structural defect, and functional changes. Heart disease can pro-
duce heart failure, which is characterized by neurohumoral acti-
vation, sodium retention, and tissue proliferation (cardiac hyper-
trophy). One clinically useful method for categorizing heart
disease is based on clinical signs (exercise intolerance, ascites,
edema, cough, etc.). Acute and chronic heart failure are differen-
tiated on the basis of the rapidity of development of clinical
signs. Chronic heart failure usually takes many months to years
to develop and is associated with a variety of compensatory neu-
roendocrine, physiological, and pathophysiological adjustments.
Congenital or acquired heart disease identifies the condition as
being present since birth or developing in association with a spe-
cific developing cardiac lesion. Congenital or acquired heart dis-
ease can be acute or chronic. Right-sided or left-sided heart fail-
ure identifies the right or left ventricle as the primary cause of
heart failure. Systolic dysfunction and diastolic dysfunction refer
to the phase of the cardiac cycle that is most severely compro-
mised. Forward heart failure refers to cardiac diseases that cause
a low cardiac output secondary to an impediment to ventricular
ejection (increased afterload), decreased inotropy, or both.
Backward failure refers to situations that cause pulmonary and
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Fig. 4.37. The relationship between blood flow and perfusion pres-
sure in peripheral vascular beds is characterized by an autoregulatory
range over which blood flow changes very little regardless of in-
creases or decreases in perfusion pressure. The normal autoregula-
tory range for most vascular beds is between 60 and 180 mm Hg.
Some vascular beds (brain, gut, and skeletal muscle) acutely collapse
when the perfusion pressure approximates 15 to 30 mm Hg (critical
closing pressure). Modified from Shepherd and Vanhoutte,102 p. 95.

Table 4.12. Summary of factors affecting the caliber of the arterioles

Constriction Dilation

Increased noradrenergic discharge Decreased noradrenergic discharge
Circulating catecholamines (except epinephrine in skeletal Circulating epinephrine in skeletal muscle and liver

muscle and liver) Circulating atrial natriuretic peptide
Circulating angiotensin II Activation of cholinergic dilators in skeletal muscle
Circulating arginine vasopressin (ADH) Bradykinin
Locally released serotonin Histamine
Endothelin I Substance P (axon reflex)
Neuropeptide Y Nitric oxide and endothelium-derived relaxing factor
Circulating Na+-K+ ATPase inhibitor Prostacyclin and prostaglandin E2

Decreased local temperature Increased carbon dioxide tension
Decreased pH
Lactate, potassium ions, adenosine, etc.
Increased local temperature

FPO



systemic venous congestion (congestive heart failure). Low out-
put failure occurs when cardiac output is below normal and high
output failure when (and regardless of cardiac contractile func-
tion) cardiac output is above normal (e.g., septic shock). It should
be clear that the terms that have evolved to categorize heart fail-
ure (acute, chronic; right-sided, left-sided; systolic, diastolic; for-
ward, backward; and low output or high output) are for the most
part descriptive and that an appreciation of their meaning must be
considered in association with the pathophysiological compensa-
tory changes that occur.

Heart disease from any cause usually progresses through three
phases: overload (excessive work), compensatory, and patholog-
ical.94 Whatever the inciting cause, ventricular overload brought
about by excessive work leads to increases in both the oxygen
and the nutrient requirements of the heart. Initial compensatory
changes include increases in sympathetic tone and a variety of
neurohumoral responses that act to sustain or increase cardiac in-
otropy and promote the retention of salt and water (Fig. 4.38).
These responses are usually followed by compensatory ventricu-
lar hypertrophy associated with decreases in both the rate of ven-
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tricular pressure development and the rate of relaxation. The
pathological phase of heart failure exists when an abnormality in
cardiac function and excessive or maladaptive compensatory re-
sponses become responsible for a decrease in cardiac output to a
degree that is insufficient to meet the oxygen and nutrient re-
quirements of metabolizing tissues or exercising muscle. It is im-
portant to realize that this definition incorporates situations in
which the heart may be contracting normally or be hypercontrac-
tile. For example, cardiac output may be decreased during sinus
tachycardia or bradycardia, cardiac arrhythmias, and the initial
stages of valvular insufficiency (mitral insufficiency). Decrease
in cardiac contractile performance is only one potential cause for
a decrease in cardiac output and should be differentiated from
other potential causes of heart failure in order to provide appro-
priate therapy and prevent drug-induced complications.

Ultimately, failure of the ventricular myocardium is caused by
pressure overload, volume overload, or primary myocardial dis-
ease (cardiomyopathy). The cardiomyopathies have been further
categorized as hypertrophic, dilated, restrictive (infiltrative my-
ocardial disease), or constrictive (pericardial disease).94 The
cause for many forms of hypertrophic and dilated cardiomyopa-
thy remains unknown. The signal for ventricular hypertrophy, al-
though uncertain, is probably multifactorial, involving stretch-
activated ion channels, increased ventricular tension, adrenergic
factors, increased oxygen consumption (oxygen supply/demand
imbalance), and ATP use or increases in the quantity of metabolic
breakdown products. Regardless of stimulus, increased work ini-
tiates the production of growth factors that, through various
proto-oncogenes (c-fos and m-myc) and in conjunction with the
production of heat-shock proteins (HSP-70), stimulate transcrip-
tion, variably change myofibrillar isoform ratios from fast to
slow (V1 to V3), and increase cell growth.94,95 Clinically and ex-
perimentally, diseases that produce sustained pressure overload
(aortic and pulmonic stenosis and hypertension) cause concentric
ventricular hypertrophy, which is characterized by marked in-
creases in ventricular wall thickness without increases in ventric-
ular volume. Heart disease that is caused by volume overload is
generally the result of valvular regurgitation (aortic or mitral in-
competence) or congenital defects (atrial or ventricular septal de-
fect or patent ductus arteriosus) and produces longitudinal or so-
called eccentric hypertrophy. Longitudinal hypertrophy is
characterized by increases in chamber volume without an in-
crease in wall thickness. The type of ventricular hypertrophy that
develops is governed by processes that minimize myocardial
oxygen consumption and work and maintain or maximize ven-
tricular efficiency. Regardless, myocardial hypertrophy produces
cellular changes that interfere with normal cellular metabolism
and predisposes patients to systolic and diastolic dysfunction
(Table 4.13). These intracellular changes and resultant abnormal-
ities in ventricular function are further exacerbated by a decrease
in capillary surface area to cell volume (capillary inadequacy),
thereby limiting oxygen delivery, which increases myocardial fi-
brosis. Decreases in oxygen delivery, whether brought about by
capillary inadequacy, low cardiac output, or anemia, can result in
myocardial ischemia, tissue hypoxia, and lactic acidosis (Fig.
4.39). Subendocardial ischemia is particularly common in pa-
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Fig. 4.39. Oxygen consumption (VO2) is normally not limited by
oxygen delivery (DO2 = CO � CaO2) and oxygen extraction (OE =
CaO2 � CvO2). However, decreases in cardiac output (blood flow) to
critically low values (e.g., hemorrhagic shock or heart failure) produce
situations where VO2 can become DO2 dependent. Oxygen depriva-
tion (anaerobic metabolism) generates lactic acid, resulting in meta-
bolic acidosis. CaO2, arterial oxygen content; CO, cardiac output;
and CvO2, venous oxygen content.

Table 4.13. Receptors and signaling systems in heart failure

1. Receptors
ß1-Adrenergic receptors downgraded, i.e., density decreased
ß2-Adrenergic receptor density unchanged, function 

uncoupling
�1-Adrenergic receptors have increased activity
These receptors actually decrease in density, but affinity is 

considerably increased
2. G proteins

Gi increased with inhibition of adenylate cyclase
Gs normal or decreased

3. Adenylate cyclase
Decreased cyclase activity with less production of cAMP, 

related to Gi increase; still responds directly to forskolin
4. cAMP

Production impaired, presumably due to adenylate cyclase 
inhibition

5. Calcium transients
Transients with low peak and delayed fall in diastole
Calcium uptake by sarcoplasmic reticulum unchanged or 

decreased in situ
Calcium release by sarcoplasmic reticulum increased
Decreased myofibrillae
Sensitivity to calcium ion
Activity of single calcium channels is normal
Amount of calcium entry via calcium channel may be abnormal

cAMP, cyclic adenosine monophosphate.
Modified from Opie,106 p. 409.



tients with heart failure, because subendocardial perfusion is in-
fluenced by the difference between aortic diastolic pressure and
ventricular end-diastolic pressure and the ventricular wall ten-
sion. Myocardial ischemia in turn causes abnormal cellular cal-
cium cycling, intracellular calcium overload, oxygen wastage,
cardiac arrhythmias, sarcomere contracture, and eventually cell
death. Familiarity with the pathophysiological mechanisms of
heart failure and cellular metabolism during heart failure and is-
chemia aids in the selection of appropriate preanesthetic and
anesthetic drugs and suggests potential approaches for therapy.44

Cardiac Arrhythmias
Cardiac arrhythmias include abnormalities in cardiac rate,
rhythm, site of origin of the cardiac impulse, or pattern of atrial
or ventricular depolarization. The cause for cardiac arrhythmias
in intact hearts is attributed to abnormalities in automaticity, con-
duction, or both (Table 4.14). Ultimately, all changes in cardiac
electric activity can be thought of in terms of alterations in one
or more of the active or passive electrophysiological properties of
the cell membrane.24 Increases or decreases in normal automatic-

ity in spontaneously beating hearts, for example, result from
changes in phase 4 depolarization, which is electrically initiated
by calcium (ICa) and sodium (If) currents in sinoatrial and atri-
oventricular node or sodium (If) and potassium (IK1) currents in
Purkinje tissue. The ECG appearance of abnormal impulses due
to abnormal automaticity, however, are most likely caused by
changes in IK or ICa. Abnormal electric impulses that occur as a
direct result of prior electric activity are referred to as “triggered”
and are in most instances caused by defects in ICa, leading to the
development of both early (prior to repolarization) or delayed
(after repolarization) afterpotentials arising from the cell mem-
brane.22 Abnormal heart rhythm caused by abnormal conduction
and random or ordered reentry can be caused by spatial differ-
ences in membrane refractory periods or discontinuous
anisotropic (dissimilar in all directions) propagation (Fig. 4.40).
The latter electrophysiological abnormality can occur as a result
of cellular uncoupling owing to a decreased number of effective
cellular connections (gap junctions) caused by fibrosis, ischemia,
or drug effects.24,26,27 Regardless of cause, changes in either the
active properties (ion-current movements) or the passive proper-
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Fig. 4.40. During normal conditions, the cardiac action potential is transmitted through modified muscle fibers (specialized fibers) to the atrial
and ventricular muscle cells, causing depolarization followed by repolarization. The action potential is not perpetuated because the surround-
ing tissues at the end point of activation remain refractory to reactivation (normal). During various disease processes (ischemia, hypoxia, inflam-
mation, or fibrosis) and in the presence of some drugs (intravenous and inhalation anesthetics), the action potential may be blocked (unidirec-
tional block) as it travels in an antegrade direction through cardiac tissue (1). If the electrical impulse is delayed (conduction delay) as it travels
through adjacent tissue, it may reenter and be conducted in a retrograde direction (retrograde conduction), thereby reactivating the same tis-
sue segment (2) or more peripheral tissue segments (3). The longer the conduction delay, the more likely is it that the electric impulse will find
the tissue to be reentered excitable (not refractory) and the greater the likelihood for reentry (dotted lines). Continuous reentry of cardiac tissue
is called circus movement and can lead to sustained cardiac rhythm disturbances, including ventricular fibrillation. Reentry involving a small
amount (several square millimeters) of cardiac tissue is called microreentry, whereas reentry that incorporates the specialized conducting sys-
tem of the heart is called macroreentry.

FPO



ties (membrane characteristics) of the cardiac cell membrane can
produce a wide array of cardiac rate or rhythm disturbances that
are recordable at the body surface. Anesthetic drugs and various
anesthetic techniques produce marked changes in cardiac cellu-
lar active and passive electrophysiological properties, resulting in
the development of cardiac arrhythmias (Table 4.15). The inhala-
tion anesthetics in particular are known to shorten the action po-
tential and decrease refractoriness, thereby predisposing patients
to conduction abnormalities and reentry. Halothane sensitizes the
myocardium to catecholamines. Both �1- and �1-adrenorecep-
tors are involved in the cardiac sensitization phenomena.96

Finally, most anesthetic drugs can produce pronounced effects on
cardiac rate and rhythm because of their general membrane-
depressant effects.

Vascular Disease
Primary diseases of the vascular system are not well recognized
in veterinary medicine.97 Arterial hypertension occurs in dogs
and cats secondary to renal disease or endocrine disorders.
Systemic hypertension is defined as a systolic blood pressure
above 160 mm Hg and a diastolic blood pressure above 95 mm
Hg. Chronic renal disease, especially glomerular disease, can be
associated with systemic hypertension secondary to a decrease in
renal blood flow and activation of the renin-angiotensin system,
release of aldosterone, and an increase in sympathetic efferent
activity.75 Systemic vasoconstriction and renal retention of

sodium water contribute to the elevation of arterial blood pres-
sure. Hyperadrenocorticism may cause systemic hypertension
because mineralocorticoids cause retention of sodium and water,
expanding the circulating blood volume. Pheochromocytomas
secrete an excess of circulating catecholamines and perhaps neu-
ropeptide Y, which induces systemic vasoconstriction, elevating
blood pressure. No matter what the cause of systemic hyperten-
sion, myocardial work increases and can induce left ventricular
hypertrophy and a decrease in cardiovascular reserve.

Canine heartworm disease can affect dogs and, rarely, cats.97

Myointimal proliferation occurs in the pulmonary arteries, nar-
rowing their lumen. Cellular debris from dying worms initiate
the formation of thromboemboli that obstruct pulmonary arter-
ies. Pulmonary vascular endothelial damage causes pulmonary
vasoconstriction secondary to the loss of endothelium-derived re-
laxant factors. Right-sided congestive heart failure often devel-
ops secondary to the elevated pulmonary vascular resistance.
Oxygen therapy (preoxygenation) and cardiovascular support
may be required for heartworm patients prior to anesthesia.

Arteriovenous malformations cause an elevation in venous
pressure that ultimately contributes to dilation and tortuosity of
the vein. The arterial pressure downstream from the fistula may
be decreased, impairing tissue perfusion. Arteriovenous malfor-
mations increase myocardial work by producing volume over-
load, similar to a ventricular septal defect or mitral insufficiency.
The surgical correction of an arteriovenous fistula can produce
reflex bradycardia (Branham’s sign) at the time of shunt ligation.
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Table 4.14. Classification of arrhythmogenic mechanisms at the cellular level in terms of vulnerable parameters

Vulnerable Parameter Ionic Currents Most Likely to 
Mechanisms of Arrhythmia (Antiarrhythmic Effect) Modulate Vulnerable Parameter

Automaticity
A. Enhanced normal automaticity Phase 4 depolarization (decrease) If; ICa-T (block)
B. Abnormal automaticity Maximum diastolic potential (hyperpolarize) or IKACh (activate)

phase 4 depolarization (decrease) IX; IKACh (activate)
ICa-L; INa (block)

Triggered activity
A. Early afterdepolarizations (EADs) Action-potential duration (shorten) or IX; (activate)

EADs (suppress)
B. Delayed afterdepolarizations (DADs) Calcium overload (unload) or DADs (suppress) ICa-L; INa (block)

ICa-L (block)
ICa-L; INa (block)

Conduction
Reentry dependent on sodium channels
A. Primary impaired conduction (long Excitability and conduction (decrease) INa (block)

excitable gap)
B. Conduction encroaching on refractoriness Effective refractory period (prolong) IK (block)

(short excitable gap)
Other mechanisms

A. Reentry dependent on calcium channels Excitability and conduction (decrease) ICa-L (block)
B. Reflection Excitability (decrease) INa; ICa-L (block)
C. Parasystole Phase 4 depolarization (decrease) If (block)

Modified from the Task Force of the Working Group on Arrhythmias of the European Society of Cardiology.24



The same phenomenon can be seen at the time of ligation of a
patent ductus arteriosus due to the sudden increase in arterial
pressure and the bradycardia induced by arterial baroreceptors.
The administration of antimuscarinics can minimize or prevent
bradycardia at this critical time.

Blood Components and Volume
Preservation of the integrity of the circulation is a responsibility
that many humoral factors share. The effects of drugs used for
chemical restraint and anesthesia (phenothiazines, butyrophe-
nones, barbiturates, inhalation anesthetics) on clotting time and
bleeding time are incompletely understood, but generally consid-
ered to be important in most animals. Exaggeration of bleeding
disorders most frequently occurs in animals with thrombocy-
topenia or hereditary coagulation-factor deficiencies (von Wille-
brand’s disease). Many drugs inhibit platelet aggregation, which
normally contributes significantly to hemostasis.98 Pheno-
thiazines, barbiturates, and halothane decrease platelet numbers
and inhibit platelet aggregation, although little change in gross

hemostasis occurs. Decreases in platelet and other circulating
cell (red and white cells) numbers have been attributed to hemod-
ilution secondary to hypotension, margination of white blood
cells along vessel walls, and sequestration of RBCs in the spleen.
Finally, it should be recognized that most intravenous and inhala-
tion anesthetics are known to suppress the immune system,
which is an effect that is generally short-lived but may become
clinically relevant in immunosuppressed animals.99

The most important function of the cardiovascular system is to
deliver oxygen and nutrients to metabolizing tissues.3 The blood
volume and hematocrit are of primary concern in maintaining ad-
equate oxygen delivery, providing cardiac output and the distri-
bution of blood flow are maintained within normal limits. The
importance of adequate oxygen delivery (DO2) cannot be
overemphasized, because reduced oxygen consumption (VO2) is
known to be the common denominator in all forms of shock, in-
cluding hemorrhagic and anemic shock (Fig. 4.39). There are
multiple reasons for this: First, oxygen transport is the major
function of the cardiovascular system; second, oxygen is the
most flow-dependent blood constituent because it has the highest
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Table 4.15. Cardiac arrhythmias produced by preanesthetic and anesthetic drugs

Drugs Arrhythmia

Anticholinergics
Atropine Sinus tachycardia
Glycopyrrolate Sinus tachycardia

Phenothiazine
Acepromazine Sinus tachycardia

Sinus bradycardia (rarely)
�2-Adrenergic agonists

Xylazine Sinus bradycardia, first-degree and second-degree atrioventricular 
Detomidine block, third-degree atrioventricular block (rarely), and sinus 
Medetomidine arrest (rarely)
Romifidine

Opioids Sinus bradycardia
Morphine First-degree and second-degree atrioventricular block
Oxymorphone
Hydromorphone
Fentanyl

Benzodiazepines
Diazepam Arrhythmias rarely observed; sinus bradycardia and temporary 
Midazolam cardiac arrest

Intravenous anesthetics
Thiobarbiturates (thiamylal and thiopental) Bradyarrhythmias
Ketamine Premature ventricular depolarizations
Other injectables (propofol, etomidate, and alfaxolone are Ventricular tachycardia

most likely to cause bradycardias) Sinus tachycardia and ventricular arrhythmias
Sinus tachycardia and bradyarrhythmias (rarely)

Inhalation anesthetics
Halothane Sinus bradycardia
Isoflurane Bradyarrhythmias
Sevoflurane Premature ventricular depolarizations
Desflurane Ventricular tachycardia

Ventricular fibrillation or cardiac arrest
(Note: Halothane sensitizes the myocardium to catecholamines.)



extraction ratio of any substance carried in the blood; third, oxy-
gen cannot be stored; and, finally, oxygen transport and con-
sumption are related to survival. Indeed, mortality is virtually
100% assured when the cumulative VO2 deficit following hypox-
emia, hemorrhage, or anemia exceeds 140 mL/kg.

Experimentally, hemorrhagic and anemic shock models are
used to mimic clinical conditions where DO2 and VO2 are de-
creased. Popular models include a 50% to 75% decrease in blood
volume (40 to 60 mL/kg; fixed-volume model), withdrawal of
blood to a predetermined blood pressure (e.g., 40 mm Hg) and
maintenance of this pressure for 2 h (fixed-pressure or Wigger’s
model), and a decrease of the hematocrit to 8% to 12% by acute
exchange transfusion with crystalloid (lactated Ringer’s) or col-
loidal (6% dextran 70) solutions (normoxic isovolemic hemodilu-
tion). These models produce acute reductions in DO2 and a
marked reduction in VO2, which, if not treated, result in death (ir-
reversible shock). Reductions in VO2 therefore can be viewed as
the ultimate regulatory factor responsible for cardiovascular com-
pensatory responses, including increases in heart rate, cardiac
contractility, cardiac output, and vascular tone. Other changes in
cardiovascular function are determined by the primary precipitat-
ing event. Hemodilution, for example, produces a marked de-
crease in blood viscosity, increases in stroke volume, and a redis-
tribution of blood flow to the coronary and cerebral blood
vessels.17 A decrease in blood viscosity facilitates capillary blood
flow and can increase cardiac output by decreasing afterload.
These hemodynamic changes have encouraged the clinical use of
mild to moderate normovolemic hemodilution prior to anesthesia
and surgery (Hb = 6 to 10 g/dL) in order to improve cardiac out-
put, peripheral perfusion, and DO2. The effects of anesthetic and
inotropic drugs on VO2, DO2, cardiac output, and the distribution
of blood flow should be considered prior to their use in any hypo-
volemic, anemic, or normovolemic anemic patients.100,101

Fortunately, during anesthesia most patients’ overall VO2 is re-
duced because of decreasing body temperature and metabolism.
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Introduction
Maintenance of adequate respiratory function is a prime require-
ment for safe anesthesia. Inadequate tissue oxygenation may lead
to an acute cessation of vital organ function, especially of the
brain or myocardium, and an anesthetic fatality. Excessive eleva-
tions in arterial carbon dioxide (CO2) tensions (arterial CO2 par-
tial pressure [PaCO2]) or sustained moderate hypoxemia may
produce some level of organ dysfunction, which contributes to a
less than optimum postanesthetic recovery. Delayed recovery of
consciousness, postanesthetic myopathy in large animals, and
postanesthetic renal, hepatic, or cardiac insufficiency can all
originate from inadequate respiratory function during anesthesia.

During general anesthesia, there is always a tendency for arte-
rial oxygen tensions (arterial oxygen partial pressure [PaO2]) to
be less than observed with the same species while conscious and
breathing the same fraction of inspired-oxygen concentration
(FIO2).1–5 There is also a tendency for PaCO2 to be elevated
above the conscious resting values if the anesthetized animal is

breathing spontaneously, and for increases in airway resistance to
occur unless an endotracheal tube is used. Some differences are
seen, depending on the actual anesthetic regimen used, but the
depth of anesthesia is often more of a factor. Species and breed
differences exist, and some of these are illustrated in this chapter.
Positioning during anesthesia, concurrent drug use, and the mag-
nitude of preanesthetic cardiorespiratory dysfunction all affect
respiratory function.

Respiratory dysfunction during general anesthesia and the
postoperative period is caused by the disruption of many phy-
siological mechanisms and, in the larger species especially, an
exaggeration of anatomical and mechanical factors.1,2,4 An un-
derstanding of respiratory function as it relates to anesthesia re-
quires consideration of (a) the neural control of respiration and
its effect on alveolar ventilation (VA); (b) the influence of anes-
thesia on the airway, chest wall, and lung volumes; and (c) the al-
terations in ventilation-perfusion (V/Q) relationships during
anesthesia.4–6

It is assumed that the readers are already reasonably knowl-
edgeable regarding basic pulmonary physiology, which is con-
sidered in detail elsewhere.5–7 The review by Robinson7 is parti-
cularly useful for undergraduate readers. Much of the
information that is available about the effects of anesthesia on
respiration comes from studies in humans, and this information
is summarized in a recent review at a level of complexity suitable
for individuals in a specialist training program.6 There are impor-
tant differences, however, in the manner by which veterinarians
generally administer anesthetics to animals when compared with
anesthesia of people. In veterinary practice, intravenous anesthet-
ics are often used without oxygen supplementation, at least under
field conditions. There is much less use of peripheral-acting mus-
cle relaxants in veterinary anesthesia, and, generally, intermittent
positive-pressure ventilation (IPPV) is used on a “need to” rather
than routine basis. During general anesthesia with inhalants,
100% oxygen is usually used as the carrier gas, whereas a 2:1
mixture of nitrous oxide and oxygen is commonly used as the
carrier gas in human anesthesia. Dogs and cats have frequently
been used for investigations of neural control and mechanical al-
terations associated with anesthesia, but often under experimen-
tal situations that differ quite markedly from how anesthetics are
administered to veterinary patients. In addition, the range of body
weight and size and, in many instances, unique physiological
adaptations of domestic and nondomestic animals undergoing
anesthesia mean that the respiratory response to anesthesia may
well be different than as classically described for people.
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Definitions
Respiration is the total process whereby oxygen is supplied to
and used by body cells and carbon dioxide is eliminated by
means of gradients. Ventilation is the movement of gas in and out
of alveoli. The ventilatory requirement for homeostasis varies
with the metabolic requirement of animals, and it thus varies
with body size, level of activity, body temperature, and depth of
anesthesia. Pulmonary ventilation is accomplished by expansion
and contraction of the lungs. Several terms are used to describe
the various types of breathing that may be observed:

01. Eupnea is ordinary quiet breathing.
02. Dyspnea is labored breathing.
03. Tachypnea is increased respiratory rate.
04. Hyperpnea is fast and/or deep respiration, indicating “over-

respiration.”
05. Polypnea is a rapid, shallow, panting type of respiration.
06. Bradypnea is slow regular respiration.
07. Hypopnea is slow and/or shallow breathing, possibly indi-

cating “underrespiration.”
08. Apnea is transient (or longer) cessation of breathing.
09. Cheyne-Stokes respirations increase in rate and depth, and

then become slower, followed by a brief period of apnea.
10. Biot’s respirations are sequences of gasps, apnea, and sev-

eral deep gasps.
11. Kussmaul’s respirations are regular deep respirations with-

out pause.
12. Apneustic respiration occurs when an animal holds an in-

spired breath at the end of inhalation for a short period be-
fore exhaling.

To describe the events of pulmonary ventilation, air in the lung
has been subdivided into four different volumes and four different
capacities (Fig. 5.1). Only tidal volume and functional residual
capacity can be measured in conscious uncooperative animals:

1. Tidal volume (VT) is the volume of air inspired or expired in
one breath.

2. Inspiratory reserve volume (IRV) is the volume of air that can
be inspired over and above the normal tidal volume.

3. Expiratory reserve volume (ERV) is the amount of air that can
be expired by forceful expiration after a normal expiration.

4. Residual volume (RV) is the air remaining in the lungs after
the most forceful expiration.

Another term frequently used is the minute respiratory volume
or minute ventilation (VE). This is equal to VT times the respira-
tory frequency (f). Occasionally, it is desirable to consider two or
more of the aforementioned volumes together. Such combina-
tions are termed pulmonary capacities:

1. Inspiratory capacity (IC) is the tidal volume plus the inspi-
ratory reserve volume. This is the amount of air that can be in-
haled starting after a normal expiration and distending the lungs
to the maximum amount.

2. Functional residual capacity (FRC) is the expiratory reserve
volume plus the residual volume. This is the amount of air re-
maining in the lungs after a normal expiration. From a mechani-
cal viewpoint, at FRC the inward “pull” of the lungs due to their
elasticity equals the outward “pull” of the chest wall.

3. Vital capacity (VC) is the inspiratory reserve volume plus
the tidal volume plus the expiratory reserve volume. This is the
maximum amount of air that can be expelled from the lungs after
first filling them to their maximum capacity.

4. Total lung capacity (TLC) is the inspiratory reserve volume
plus the tidal volume plus the expiratory reserve volume plus the
residual volume, or the maximum volume to which the lungs can
be expanded with the greatest possible inspiratory effort (or by
full inflation to 30 cm H2O airway pressure when a patient is
anesthetized).

Ventilation and Gas Exchange in
Conscious Animals
From an anesthetist’s viewpoint, it is useful to consider the ven-
tilatory system in terms of its major components: neural control,
the bellows mechanism (chest wall and diaphragm), upper air-
way, and lung parenchyma (Fig. 5.2). Alterations of (a) the neu-
ral control of ventilation by sedative, opioid, or anesthetic de-
pression; (b) upper-airway or lower-airway patency by muscle
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relaxation or spasm; or (c) the bellows mechanism of the thorax
through neuromuscular paralysis, space-occupying lesions of the
thorax, or a change in the diaphragm shape, location, or function
may all appreciably affect ventilatory adequacy and the effi-
ciency of gas exchange. Within the parenchyma, less than opti-
mum matching of fresh alveolar gas with pulmonary capillary
blood will produce blood-gas alterations, particularly in regard to
PaO2.

Control of Respiration
With the aid of the circulation, respiration regulates the oxygen,
CO2, and hydrogen-ion environment of the cell. Respiratory
function is controlled by central respiratory centers, central and
peripheral chemoreceptors, pulmonary reflexes, and nonrespira-
tory neural input. Control of respiration has been described as an
integrated feedback control system.6,7 The central neural “con-
troller” includes specialized groups of neurons located in the

Respiratory System ● 119

Upper Airway
(nares, nasal cavity,

pharynx, larynx)

Bronchi,
bronchioles

Pulmonary Artery

Alveolar Gas

Thoracic Wall

0.8 Diaphragm

Pulmonary Vein

Trachea

PAO2 
= (PB - PH2O)FIO2

-PaCO2

FIO2
 0.21 ≈ PIO2

 150 mm Hg
FICO2

 0.0 ≈ PICO2 
≈ 0 mm Hg

PACO2 
= PaCO2 

or
 
PcʹCO2 

= 110mm Hg (room air)
 

VT

(PvCO2 
46mm Hg,

PvO2 
40mm Hg)

Central
Neural
Control

Pulmonary Capillary
(PcʹCO2

 40mm Hg, 

PcʹO2
 100mm Hg)

V
E
=V

T
 x ƒ

or (V
D

)

V
T
=V

Danat
 + V

A

V
T
= + 

Fig. 5.2. Diagrammatic representation of the neural control, bellows mechanism (diaphragm and thoracic wall), and matching of pulmonary
artery blood and alveolar gas in the lung. FI refers to fraction of inspired gases, and f is respiratory frequency. Tidal volume (VT), anatomical dead
space (VD anat), alveolar volume (VA), and representative inspired (PI), alveolar (PA), pulmonary arterial or mixed venous (Pv–), and end-capillary
(Pc�) partial pressures of oxygen and carbon dioxide are also illustrated. See the text for a detailed explanation.



cerebrum, brain stem, and spinal cord that govern both voluntary
and automatic ventilation through regulation of the activity of the
respiratory muscles. The respiratory muscles by contracting pro-
duce alveolar ventilation, and changes in alveolar ventilation af-
fect blood-gas tensions and hydrogen-ion concentration. Blood-
gas tensions and hydrogen-ion concentrations are monitored by
peripheral and central chemoreceptors that return signals to the
central controller to provide necessary adjustments in ventilation.
Mechanoreceptors in the lungs and stretch receptors in the respi-
ratory muscles monitor, respectively, the degree of expansion or
stretch of the lungs and the “effort” of breathing, feeding back in-
formation to the central controller to alter the pattern of breath-
ing. Adjustments also occur to accommodate nonrespiratory ac-
tivities such as thermoregulation and vocalization.

Overall, this complex control system produces a combination
of respiratory frequency and depth that is best suited for optimum
ventilation with minimal effort for the particular species, and that
adjusts oxygen supply and CO2 elimination so as to maintain
homeostasis (reflected by stable arterial blood-gas levels) over a
wide range of environmental and metabolic situations. Sedatives,
analgesics, anesthetics, and the equipment used for inhalational
anesthesia may profoundly alter respiration and the ability of an
animal to maintain cellular homeostasis.

Mechanical Factors
Transfer of gases to and from the lungs depends on developing
a pressure gradient between the atmosphere and the alveoli, and
is modified by the resistance to flow between these two regions
and the elasticity of the lungs and chest wall. With spontaneous
respiration, during inspiration active muscular effort serves to
enlarge the pleural cavity through expansion of the thoracic
wall and contraction of the diaphragm (Fig. 5.2). Intrapleural
pressure is thereby reduced to a more subatmospheric pressure,
and a mouth/nostril–alveolar pressure gradient is established.
In contrast to inspiration, expiration is normally passive and
depends on the return of the chest wall and lungs to a resting
position, that is, to FRC. The horse is a notable exception in
that abdominal muscle contraction plays a part in normal expi-
ratory activity, producing a biphasic mode of exhalation.7 As
the size of the pleural space decreases, intrapleural and conse-
quently alveolar pressures are elevated, and the pressure gradi-
ent is reversed so that air flows from the alveoli to the atmos-
phere. Thus, fluctuating pressure gradients between the
atmosphere and the alveoli cause air to flow in and out of the
lungs. The factors that contribute to these pressure gradients
and the measurement of their magnitude are referred to as pul-
monary mechanics.

During assisted or controlled artificial or mechanical ventila-
tion, atmospheric to alveolar pressure gradients also occur, but
mouth pressure is more positive than alveolar pressure on inspi-
ration: hence the term positive pressure ventilation. This has im-
portant circulatory consequences. Both the lungs and chest wall
provide an elastic resistance to expansion on inspiration. The re-
lationship between the pressure gradient (P) and the resultant
volume (V) increase in liters (L) of the lungs and thorax is known
as total compliance (CT).6

CT (L/cm H2O) = �V (L)/�P (cm H2O)

The relationship of CT to the individual compliance of the lungs
(CL) and chest wall (CCW) is additive, because the lungs and
chest wall are arranged concentrically and can be expressed as

1/CT = 1/CL + 1/CCW

To measure CT, V and the transthoracic pressure (that is, the pres-
sure at the alveolus minus ambient pressure) must be known. In
anesthetized animals, this is often determined by measuring the
inspiratory volume delivered from a ventilator bellows or re-
breathing bag while recording the change in airway (taken to be
alveolar) pressure between end exhalation and end inspiration. If
the lungs and/or chest wall are less compliant (i.e., stiffer), then
higher transthoracic pressures are required to deliver a given tidal
volume. Experienced anesthetists can often sense this change as
an increased force required to mechanically squeeze a set volume
from a rebreathing bag by hand. This may provide the first clue
that an animal is developing a space-occupying problem in the
thorax or abdomen (e.g., accumulation of air or blood), or that
the end of the endotracheal tube has become repositioned in one
main bronchus and is inflating only one lung.

Dynamic CT is the volume change divided by the transthoracic
pressure change at the point of zero airflow (end inspiration)
when the previous inflow of air has been sufficiently rapid for
dynamic factors to influence the distribution of air throughout the
lung. For practical purposes, dynamic CT is equal to the tidal vol-
ume divided by the peak airway pressure. Static CT is determined
when the preceding inflow of air has been sufficiently slow for
distribution throughout the lung to be solely in accord with re-
gional elasticity. Under these conditions, gas distribution to alve-
oli with faster and slower filling rates is equivalent, and as a re-
sult the static CT (or CL) value is usually greater than dynamic CT

(or CL).
To determine the elasticity of the lung per se (CL), V and the

transpulmonary pressure gradient (that is, pressure at the alveo-
lus minus pressure at the pleural space) must be known. This
measurement is harder to determine accurately. In practice, the
transpulmonary pressure gradient is generally determined by
using a differential pressure transducer to determine mouth (con-
sidered equal to alveolar) and pleural pressure changes simulta-
neously. Pleural pressure changes are estimated from intratho-
racic esophageal pressure swings recorded with a balloon-tipped
catheter. Lungs develop a low compliance (become stiffer) with
a reduction in lung volume or regional atelectasis; as a result of
pulmonary edema or fibrosis; and, in the case of dynamic CL,
with regional differences in airway resistance.

For air to flow into the lungs, a pressure gradient must also be
developed to overcome the nonelastic (airway) resistance to air-
flow. The relationship between the pressure gradient across the
pulmonary system (PL) and the rate of airflow is known as air-
way resistance (RL):6

RL (cm H2O/L/s) = �PL (cm H2O)/(L/s)

The caliber of the airway and the rate and pattern of airflow all
contribute to the pressure gradient along the airway. According to
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the Hagen-Poiseuille law, laminar gas flow through a tube is pro-
portional to the pressure gradient across the tube, the fourth
power of the diameter of the tube, and inversely to the viscosity:

pressure loss = constant � viscosity � length of tube �
flow rate/diameter4 � flow rate

The significance of this equation relative to anesthesia is to real-
ize that changes in airway (or apparatus) diameter may markedly
affect the resistance to airflow. If the diameter of the airway is re-
duced by 50%, for instance, by using too small an endotracheal
tube, the resistance goes up 16-fold.

At higher flow rates that exceed the critical velocity of the sys-
tem, or in the face of sudden changes in airway diameter, airflow
will no longer be laminar and becomes turbulent. The signifi-
cance of a transition from laminar to turbulent flow is illustrated
by the fact that, at rates approximating critical flow, the resist-
ance to flow increases by about 50% if the flow becomes turbu-
lent. Airway resistance is measured by a variety of methods, most
of which involve the simultaneous determination of instanta-
neous airflow with a pneumotachograph and of transpulmonary
pressure (PL), as described earlier.

Airway resistance increases with the rate of respiration and
with narrowing of the airway by reflex contraction of the bron-
chiolar muscles, with small airway disease where there is edema
of the airway wall and mucous accumulation, with a reduction in
lung volume, or through aspiration of foreign material. Airway
resistance during anesthesia can be minimized by using an air-
way that is as wide as possible and in which sudden alterations
in direction or diameter are minimized.

Pulmonary Ventilation
The important factor in pulmonary ventilation is the rate at which
alveolar air is exchanged with atmospheric air. This is not equal
to the minute ventilation volume because a large portion of in-
spired air is used to fill the respiratory passages, rather than alve-
oli, and no significant gaseous exchange occurs in this air (Fig.
5.2). The respiratory frequency (f) and volume of each breath,
tidal volume (VT), determine the minute ventilation (VE). The por-
tion of each VT that reaches only the upper airway and tracheo-
bronchial tree fills the anatomical dead space and is referred to as
dead-space volume (VD anat). The VD anat is fairly constant; there-
fore, slow, deep breathing is more effective than rapid, shallow
breathing. This is especially so during general anesthesia and with
IPPV. The “effective” volume, or portion of VT that contributes to
gas exchange, is the alveolar volume (VA), usually referred to as
minute alveolar ventilation (VA). Nonperfused alveoli do not con-
tribute to gas exchange and constitute alveolar dead space (VDA).
In conscious healthy animals VDA is minimal, whereas during
general anesthesia it may increase owing to a fall in cardiac out-
put (Q) and/or pulmonary artery blood pressure. Physiological
dead space (VD) includes VD anat and VDA (Fig. 5.2), and is usu-
ally expressed as a minute value (VD) along with VA, or as a ratio
of VD/VT. In unsedated tracheostomized dogs breathing quietly
through a standard endotracheal tube, VD was 5.9 mL/kg and the
ratio of VD/VT was 35%.8 This ratio of VD/VT is similar to that
found in humans, but the VD figure is larger, reflecting the in-

creased VD anat in dogs on a body-weight basis. During
methoxyflurane anesthesia with spontaneous respiration, VD in-
creased very little (about 0.5 mL/kg), but VD/VT increased to over
50% because VT decreased. Others have shown similar results
with other anesthetics. In larger species such as horses and cows,
the VD/VT ratio in conscious animals is about 50%.9 Higher pro-
portions of dead space have been reported, but such values prob-
ably reflect a tachypneic state or failure to subtract the added dead
space associated with the use of the mask in gas collection. In
unsedated cows, VD is about 3.7 mL/kg and, in horses, about 5.2
mL/kg.9 Representative normal ventilation, blood-gas, and acid-
base values for a range of species are listed in Tables 5.1 and 5.2.

Lung Volumes
The subdivisions of lung volume are shown in Fig. 5.1. Most of
these volumes cannot be measured in conscious animals, because
to do so requires cooperation of the test subject. Measurements
of VT and FRC can be obtained in conscious animals; TLC is
generally estimated by inflation of the lung to above 30 cm H2O
inflation pressure in anesthetized animals. Values for TLC are
reasonably similar among the domestic species when compared
on a body-weight basis, but the total volume varies from less than
2.0 mL in mice to over 45 L in horses and cows (Table 5.3). This
factor and the variation in VT observed across species (Table 5.1)
have quite significant implications relative to the design of suit-
able inhalant anesthetic apparatus and the relative importance of
added mechanical dead space. A liter of apparatus dead space in
a healthy conscious horse or cow constitutes only a small portion
of the VT and has little effect on VA or blood gases,38 whereas a
dead space of even 15 mL in a cat amounts to 50% of VT and will
quite likely alter alveolar ventilation and PaCO2 levels. In the
smallest mammals, virtually all mask systems will lead to some
rebreathing of CO2 during anesthesia, unless a loose-fitting mask
is used with a flow-through system.

The volume of gas remaining in the lungs at the end of a nor-
mal expiration (i.e., the FRC) varies considerably as the position
of the diaphragm, in particular, changes. Abdominal tympany
from any source (e.g., near-term gravid uterus, bowel distension,
obesity, or tumor) will tend to move the diaphragm forward and
lessen the FRC. Few actual measurements have been made of
this phenomenon in relation to animals, but the consequences on
ventilation and respiratory function during anesthesia are consis-
tent with a decrease in FRC.

Intrapulmonary Matching of Blood and Gas
Matching of alveolar gas and pulmonary capillary blood flow is
influenced by gravitational factors and by the pulmonary artery
circulation being a low-pressure system. Intrapleural pressure is
more subatmospheric in the uppermost part of the thorax than in
the lowermost portion,39 partly because of the weight of the lung
in the thorax. Alveolar size is largest in the uppermost areas of
the lung and smallest in the ventral regions. Since the larger alve-
oli have a lower compliance (they are less distensible), they ex-
pand less on inspiration, and air preferentially enters the more
compliant lower alveoli, producing a vertical gradient of ventila-
tion in standing animals breathing quietly.40,41 This tendency for
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preferential ventral ventilation in the lung may also be associated
with regional chest wall and diaphragmatic movement. During
anesthesia, the distribution of ventilation becomes more uneven
and may even reverse so that the uppermost lung of a laterally re-
cumbent horse is receiving most of the ventilation.

The major effect of gravity on the lung in most animals is to
produce a vertical perfusion gradient in the pulmonary circula-
tion, with the lower region being perfused more. The distribution
of these gravitational effects on lung perfusion is commonly di-
vided and functionally described as a three-zone or four-zone
system.41,42 At rest, the uppermost alveoli may be minimally per-
fused (Fig. 5.3, zone I), with alveolar pressure (PA) greater than
pulmonary artery (Ppa) and vein (Ppv) pressures. In zone II, Ppa

is greater than PA, and the difference between the two is the driv-
ing pressure for blood flow at the front end of the capillaries. The
relationship between PA and Ppv governs flow through the termi-
nal aspect of the capillaries. In zone III, Ppa and Ppv both exceed
PA, and the vessels are fully distended, with the perfusion being
determined by the pressure difference between Ppa and Ppv. In
zone IV, the lung weight increases the interstitial pressure to a
point that blood flow is reduced toward that of zone II, or less.
These factors are important during anesthesia in that cardiac out-
put is often reduced and Ppa may fall. Moreover, when the body

position is altered and an animal becomes recumbent, the pul-
monary blood flow is thought to realign along gravitational lines
consistent with the new body position.2,6 However, these rela-
tionships are not necessarily straightforward, especially in the
larger species, perhaps because of the large decrease in FRC that
accompanies recumbency and the generation of a larger zone IV
area in the thorax.

It is also now apparent that gravitational effects may not be the
dominant factor influencing regional pulmonary blood flow in
conscious quadrupeds.43,44 There appears to be a preferential dis-
tribution of blood flow to the dorsal region of the lung in these
animals, especially during exercise. It is not known whether this
species tendency is universal in quadrupeds or whether the phe-
nomenon persists during general anesthesia.

A simplified diagrammatic representation of altered V/Q is
shown in Fig. 5.4.45 One extreme is to have a perfused alveolus
or area of the lung with no ventilation so that the blood is not
oxygenated while passing the region. Other extremes are for the
alveolus to be ventilated but not perfused, or alternately for an
alveolus or region to be neither ventilated nor perfused. Often the
alteration of V/Q within the lung is somewhere in between these
extremes and is characterized by alveoli throughout the lung that
are only relatively underventilated or underperfused, producing
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Table 5.1. Breathing frequency (f), tidal volume (VT), and minute ventilation (APVE) of various species.

VT APVE

Mean Body f (breaths/
Species Wt (kg) n Conditionsb min) mL mL/kg mL/min mL/kg/min Refs.

Mice 0.02 NSa Awake, prone 163.4 0.15 7.78 24.5 1239 10
0.032 NS Anesthetized 109 0.18 5.63 21.0 720 10

Rats 0.113 NS Awake, prone 85.5 0.87 7.67 72.9 646 10
0.305 NS Awake, pleth 103 2.08 6.83 213 701 10

Cats 3.8 04 Unanesthetized, pleth 22 30 7.9 664 174 11
3.7 NS Anesthetized 30 34 9.2 960 310 10

Dogs 18.6 06 Awake, prone, chronic 13 309 16.6 3818 205 12
trach, intubated

18.8 08 Awake, standing, chronic 16.5 314 16.9 4963 264 8
trach, intubated

Sheep 32–37 04 Awake, standing, mask 38 289 8.3 10,400 297 13
Goats 36.3 03 Awake, standing mask 13.6 470 12.9 6313 174 14

46.4 06 Awake, standing mask 26 483 10.4 11,900 256 15
47.6 06 Awake, standing mask 17.6 602 12.6 10,540 221 16

Pigs 12.9 04 Awake, standing 13.1 209 15.9 2731 208 17
Cows 517 Holstein 07 Awake, standing mask 23.7 3676 7.1 85,977 166 9

405 Jersey 11 Awake, standing mask 28.6 3360 8.3 94,870 234 18
Calves 43–73 Hereford 08 4–6 weeks old, standing, sling 26.7 403 15.1 10,290 385 19
Horses 402 06 Awake, standing mask 11.8 4253 10.6 49,466 123 9

483 06 Awake, standing mask 15.5 4860 10.1 74,600 154 20
486 15 Awake, standing, mask 10 7300 15.0 79,000 163 21

(some sedated) (mask 
VD not removed)

Ponies 147 19 Awake, standing, mask 19.0 1370 9.3 26,380 180 22

aNot specified.
bPleth, whole body plethysmograph; trach, tracheostomy.



an increase in the alveolar–arterial oxygen gradient. Since CO2 is
more diffusible across the alveolar capillary membrane, diffusion
and V/Q problems commonly lead to decreased PaO2 levels be-
fore there is a change in PaCO2 levels. It is possible to compen-
sate for nonventilation of portions of the lung through increased

ventilation of the rest of the lung in terms of CO2 clearance, as
occurs with tachypneic pneumonic animals. However, the same
increase in ventilation of “good” lung areas will never compen-
sate completely for areas where there is inadequate oxygen up-
take. The hemoglobin oxygen-saturation curve is sigmoid shaped
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Table 5.2. Arterial blood-gas and acid-base values for various species.

Mean Body
Species Wt (kg) n Conditions pHa PaCO2 PaO2 HCO3

� Refs.

Rats 0.207 10 Awake, chronic catheter 7.44 32.7 21.5 23
0.305 08 Awake, prone, chronic catheter 7.467 39.8 28.7 24

Rabbits 3.1 NSa Awake, catheter 7.388 32.8 86 21 25
3.5 20 Awake, catheter 7.47 28.5 89.2 20.2 26

Cats 2.5–5.1 08 Unsedated, chronic catheter, prone 7.41 28.0 108 18 27
3–8 10 Unsedated, not restrained, chronic catheter 7.426 32.5 108 22.1 28

Dogs 18.8 08 Chronic tracheostomy, catheter, unsedated, standing 7.383 39.0 103.8 22.1 8
12.2 22 Chronic catheters lateral recumbency 7.40 35 102 21 29

Sheep 33 NS Awake, catheter 7.44 40.9 96 27.6 25
24.5 11 Unsedated, prone, carotid loop 7.48 33 92 30

Goats 18 06 Unsedated, standing 7.46 36.5 101 14
47.6 06 Unsedated, standing, catheter 7.45 35.3 94.5 24.1 16
46.6 06 Unsedated, standing 7.45 41.1 87.1 27.6 15

Calves 31–57 04 Standing, unsedated, aortic catheter 7.39 40 81 24 31
48–66 20 Unanesthetized, catheter 7.37 42.8 93.6 23.6 32

Cows 517 07 Awake, unsedated, standing 7.40 39.6 83.1 24.4 9
641 07 Awake, unsedated, standing 7.435 38.7 95.1 25.5 6

Horses 402 06 Awake, unsedated, standing 7.39 41.1 80.7 24.5 9
Ponies 147 19 Standing, aortic catheter 7.40 40 88.7 24.4 22

PaCO2, arterial carbon dioxide partial pressure; PaO2, arterial oxygen partial pressure; HCO3�, carbonic acid.
aNot specified.
bR. Warren and W. McDonell, unpublished observations.

Table 5.3. Lung volumes of various mammalian species: total lung capacity (TLC), functional residual capacity (FRC), and residual volume (RV).

TLC
Mean Body FRC RV

Species Wt (kg) n Condition mL mL/kg (mL/kg) (mL/kg) Refs.

Mice 0.020 NSa Anesthetized 1.57 078.5 25.0 19.5 10
Rats 0.31 NS Anesthetized, prone 12.2 039.4 06.8 04.2 10
Rabbits 3.14 NS Anesthetized, supine 111 035.4 11.6 06.4 10
Cats 3.7 004 Anesthetized 17.8 33
Dogs 18.6 006 Awake, prone 2090 112.4 53.6 16.7 12

9.2 140 Unsedated, 1 year old 44.8 34
Sheep 24.5 004 Unsedated, prone, nasal endotracheal tube 45.3 30
Goats 46.4 006 Unsedated, standing, face mask 49.6 15
Cows 517 007 Awake, standing 39.4 35

537 005 Anesthetized, prone 45,377 084.5 31.9 16.1 35
Horses 485 Anesthetized, prone 44,800 092.4 36.3 19.0 36

402 006 Awake, standing 51.3 35
394 004 Anesthetized, prone, lung inflated to 45,468 115.4 37.9 35

35–40 cm H2O, starved 18 h
450–822 006 Conscious, standing 35.6 37

Ponies 164–288 008 Conscious, standing 39.9 37

aNot specified.



(Fig. 5.5), and hemoglobin is nearly fully saturated with oxygen
at a PaO2 of 90 to 100 mm Hg. Consequently, an increase in ven-
tilation to the “good” areas of the lung cannot increase the oxy-
gen content of blood very much, even though the alveolar partial
pressure of oxygen (PAO2) increases. The clinical significance of
this is that many pulmonary problems present as hypoxemia
rather than hypercapnia.

Effect of Altered Alveolar Ventilation
For any given metabolic output, PaCO2 and VA are directly and
inversely related: if VA falls by 50%, PaCO2 doubles; whereas, if

VA is increased by 100% (say, by IPPV), PaCO2 levels will fall
by 50% once equilibrium is established (Fig. 5.6). This is an im-
portant concept to grasp in that it explains how an experienced
anesthetist can make fairly good approximations about the result-
ant PaCO2 level he or she will produce when an animal is put on
a volume-limited ventilator at a particular f and VT setting. For in-
stance, in most anesthetized dogs with a body weight that is av-
erage for the breed, PaCO2 will be near eucapnic levels when f is
set at 8 to 10/min and VT at 20 mL/kg. In anesthetized adult
horses and cows, a comparative eucapnic setting would be f at
5/min and VT at 15 mL/kg.
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Fig. 5.4. Schematic of uneven ventilation and
blood flow. The alveolus on the left is ventilated, but
not perfused, and thus is considered to be alveolar
dead space, whereas the alveolus on the right is per-
fused, but not ventilated, and thus contributes to ve-
nous admixture or so-called shunt flow. The center
alveolus is perfused and ventilated equally and thus
would have a V/Q ratio of 1.0. Relevant equations are
shown respectively as Eqs. 1 to 4 for calculation of
the dead space–tidal volume ratio, the alveolar par-
tial pressure of oxygen (PAO2), the alveolar-to-arterial
partial pressure of oxygen (A-a PO2) difference, and
the venous admixture (Q/QT) fraction. Reproduced
from Robinson (p. 8),45 with permission by Elsevier.
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Hyperventilation occurs when VA is excessive relative to meta-
bolic rate; as a result, PaCO2 is reduced. Hyperventilation may or
may not be accompanied by an increased respiratory rate, re-
ferred to as tachypnea. Hypoventilation is present when VA is
small relative to metabolic rate, and PaCO2 rises: hypoventilation
may be accompanied by a slow (bradypnea), normal, or rapid f.
A lowered PaCO2 level is referred to as hypocapnia and an ele-
vated level as hypercapnia, whereas normal PaCO2 is termed eu-
capnia. Most, but not all, of the common mammalian species
have a normal resting PaCO2 level close to 40 mm Hg (Table
5.2). Hypercapnia and hypocapnia produce respiratory acidosis

and alkalosis, respectively, because CO2 in the body is in dy-
namic equilibrium with carbonic acid (H2CO3) and, ultimately,
hydrogen-ion concentration [H+]:

CO2 + H2O f H2CO3 f H+ + HCO3
�

Acidemia and alkalemia are respectively defined as a plasma pH
significantly below or above the normal arterial or venous value
for the species in question. Concurrent metabolic acid-base dis-
turbances and the presence or absence of compensation through
renal excretion will determine the actual degree of pH change ac-
companying hypocapnia or hypercapnia. During general anesthe-
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Fig. 5.6. Effect of altered alveolar ventilation on hemoglo-
bin saturation, blood oxygen content, and arterial carbon
dioxide partial pressure (PaCO2) levels. As alveolar ventila-
tion is halved, the PaCO2 level doubles, illustrating the in-
verse and direct relationship between alveolar ventilation
and carbon dioxide clearance. Note the difference in oxygen
content with anemia (hemoglobin 10 g/100 mL instead of 15
g/100 mL), and the eventual sharp drop in hemoglobin oxy-
gen saturation and oxygen content as alveolar ventilation
decreases to less than 50% of the normal value. (See the
text for further explanation.)

L

Fig. 5.5. Oxygen-hemoglobin dissociation curves. The
center curve represents the relationship between the
partial pressure of oxygen and the percentage hemoglo-
bin saturation at normal body temperature and blood pH,
and shows the arterial oxygen partial pressure (PaO2)
and percentage saturation as blood goes through the
lungs and tissues. The normal mixed venous PO2 and
oxygen saturation values are shown (v–) along with the
P50 value, which is the PO2 at which the hemoglobin of a
particular species is 50% saturated with oxygen. There
is a shift of the hemoglobin dissociation curve to the right
with acidemia (e.g., pH 6.8) or an increase in tempera-
ture, whereas there is a shift to the left with alkalemia
(e.g., pH 7.6) or a lower body temperature. The oxygen-
content values on the left represent the blood oxygen
content that would be expected if the hemoglobin con-
centration was the theoretical normal level of 15 gm/dL
and body temperature and pH levels were also normal.



sia, hypoventilation and hypercapnia are far more likely to occur
in spontaneously breathing animals, whereas hyperventilation
and hypocapnia most often occur when tidal volumes are too
large in smaller animals during IPPV.

The relationship between VA and oxygen saturation (and, in
turn, the oxygen content of arterial blood) is not linear because
of the sigmoid shape of the hemoglobin-saturation curve (Fig.
5.5). This factor has important clinical applications for anes-
thetists. With a 50% decrease in VA, hemoglobin is still 80% sat-
urated, and the actual oxygen content of blood (if hemoglobin
concentration is 15 g/dL) will have fallen only from 21.2 to 16.8
mL/dL. Such an animal would not likely demonstrate cyanotic
mucous membranes or even cardiovascular signs (tachycardia/
bradycardia or increased/decreased blood pressure) associated
with respiratory insufficiency. However, as the level of VA de-
creases further, there is a sharp and potentially catastrophic de-
crease in the oxygen content of arterial blood so that, at a VA that
is 40% of normal, hemoglobin saturation is 50% and the oxygen
content has fallen to 7.04 mL/dL. This degree of hypoxemia may
well lead to cardiorespiratory collapse quite suddenly. An under-
standing of this nonlinear effect of VA deficiency on oxygen con-
tent helps to explain why an apparently “okay” animal on an in-
travenous general anesthetic and breathing room air can suddenly
stop breathing or go into cardiovascular collapse without any ap-
parent change in the depth of anesthesia.

Figure 5.6 illustrates the important interrelationship between a
lower hemoglobin level (e.g., 10 g/dL) and blood oxygen content
with altered ventilatory homeostasis. The blood oxygen content
is reduced by nearly 7 mL/dL with a decrease in hemoglobin
from 15 to 10 g/dL even when hemoglobin saturation is 100%,
and dangerously low blood oxygen contents occur with further
ventilatory depression.

Hypoxia refers to any state in which the oxygen in the lung,
blood, and/or tissues is abnormally low, resulting in abnormal
organ function and/or cellular damage. Hypoxemia refers to in-
sufficient oxygenation of blood to meet metabolic requirement.
In spontaneously breathing animals, hypoxemia is characterized
by PaO2 levels lower than the normal for the species. Resting
PaO2 levels in domestic species generally range from 80 to 100
mm Hg in healthy, awake animals (Table 5.2). Some clinicians
consider a PaO2 below 70 mm Hg (ca. 94% hemoglobin satura-
tion) as hypoxemia in animals at or near sea level, although the
clinical significance of this degree of blood oxygen tension
would vary depending on factors such as the health and age of an
animal, hemoglobin concentration, and the duration of low oxy-
gen tension in relation to the rate of tissue metabolism (e.g., hy-
pothermic patients would be at less risk).

Oxygen Transport
Under normal conditions, oxygen is taken into the pulmonary
alveoli and CO2 is removed from them at a rate that is sufficient
to maintain the composition of alveolar air at a relatively constant
concentration. In the lung, gas is exchanged across both the alve-
olar and the capillary membranes.7 The total distance across
which exchange takes place is less than 1 µm; therefore, it occurs

rapidly. Other than at high exercise levels, equilibrium almost
develops between blood in the lungs and air in the alveolus, and
the partial pressure of oxygen (PO2) in the blood almost equals
the PO2 in the alveolus. While diffusion of oxygen across the
alveolar-capillary space is a theoretical barrier to oxygenation, it
is seldom a practical problem during veterinary anesthesia unless
considerable pulmonary edema is present.

There is a relatively steep concentration or partial pressure
gradient of oxygen from room air to the various body tissues:
nasal air = 160 mm Hg; alveolar air = 100 mm Hg; arterial blood
= 90 to 95 mm Hg; interstitial fluid = 30 mm Hg; intracellular
fluid = 10 mm Hg; and venous blood = 40 mm Hg. Little oxygen
is lost in large blood vessels, and normally a continuous pressure
gradient is present from the alveolus to the tissue cell.

The normal average alveolar composition of respiratory gases
in humans is listed in Table 5.4. At body temperature, alveolar air
is saturated with water vapor, which has a pressure at 37°C of 48
mm Hg. If the barometric pressure in the alveolus is 760 mm Hg
(sea level), then the pressure due to dry air is 760 � 48 = 712 mm
Hg. Knowing the composition of alveolar air, one can calculate
the partial pressure of each gas in the alveolus:

O2 = (760 � 48) � 0.14 = 100 mm Hg
CO2 = (760 � 48) � 0.056 = 40 mm Hg
N2 = (760 � 48) � 0.80 = 570 mm Hg

Oxygen partial pressure in the lungs at sea level is thus approxi-
mately 100 mm Hg at 37° to 38°C. Under these conditions, 100
mL of plasma will hold 0.3 mL of oxygen in physical solution.
Whole blood, under the same conditions, will hold 20 mL of oxy-
gen, or about 60 times as much as plasma. CO2 is similarly held
by blood. Thus, it is apparent that oxygen and CO2 in blood are
transported largely in chemical combination, since both are car-
ried by blood in much greater quantities than would occur if sim-
ple absorption took place. At complete saturation, each gram of
hemoglobin combines with 1.36 to 1.39 mL of oxygen. This is
the total carrying capacity of hemoglobin, or four oxygen mole-
cules combined with each hemoglobin molecule. The ability of
hemoglobin to combine with oxygen depends on the PO2 in the
surrounding environment. The degree to which it will become
saturated at various oxygen partial pressures varies considerably
(Fig. 5.5). It is adjusted so that, even when ventilation is ineffi-
cient or the supply of oxygen is sparse as at higher altitudes, the
degree of saturation still approaches 100%. For instance, al-
though it is probably not fully saturated until it is exposed to a
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Table 5.4. Composition of respiratory gases in humans.

Gas Inspired Air (%) Expired Air (%) Alveolar Air (%)

Oxygen 20.95 16.1 14.0
Carbon dioxide 0.04 4.1 5.6
Nitrogena 79.0 79.2 80.0

aThere is no change in the absolute concentration of nitrogen. The change
in percentage occurs because more oxygen is used than carbon dioxide
produced.



PO2 of 250 mm Hg, hemoglobin is approximately 94% saturated
when the PO2 is only 70 mm Hg.

Although there is relatively little change in hemoglobin satu-
ration between 70 and 250 mm Hg PO2, a marked change occurs
between 10 and 40 mm Hg, a PO2 characteristic of actively me-
tabolizing tissues. Thus, as hemoglobin is exposed to tissues
having partial pressures of oxygen within this range, it will yield
its oxygen to the tissues. The lower the PO2 of these tissues, the
greater is the amount of oxygen that hemoglobin will yield. The
degree to which hemoglobin yields its oxygen is influenced by
environmental pH, PCO2, and temperature—all mechanisms
that protect the metabolizing cell. As the pH decreases and the
PCO2 and local temperature increase, at any given PO2 value,
especially in the range of 10 to 40 mm Hg, hemoglobin releases
oxygen to the surrounding environment more readily (Fig. 5.5).
It is also interesting to note that nature has adapted for the rela-
tively lower oxygen environment of the fetus, because fetal he-
moglobin carries a greater percentage of oxygen at a lower par-
tial pressure.

Certain enzyme systems aid dissociation of oxygen from he-
moglobin, the most completely studied being the enzyme system
producing 2,3-diphosphoglycerate (2,3-DPG). This system en-
hances dissociation of oxygen from hemoglobin by competing
with oxygen for the binding site. A lowered level of this enzyme,
as occurs with stored blood used for transfusion, increases the
affinity of hemoglobin for oxygen and thus acts as though the
dissociation curve is shifted to the left. The oxygen tension at
which 50% saturation of hemoglobin is achieved (P50) is used to
measure affinity of hemoglobin for oxygen. P50 is reduced in
septic patients and in carbon monoxide poisoning. The reverse
has been encountered in chronic anemia. Since tissues require a
given volume of oxygen per unit of time, the hemoglobin con-
centration of blood has a significant influence on oxygen content
and delivery to the tissues.

Although an increase in the PAO2 above normal causes only a
small increase in the oxygen-carrying capacity of hemoglobin,
plasma carries oxygen in an amount directly proportional to the
PO2 in the alveoli. At normal atmospheric pressure, when the an-
imal is breathing air at 38°C, 0.3 mL of oxygen is carried in so-
lution in 100 mL of blood. If pure oxygen is administered, the
PO2 in the alveoli is raised from 100 to almost 650 mm Hg.
Plasma oxygen is thus elevated almost seven times, that is, from
0.3 to 1.8 mL per 100 mL of blood. The result is an increase of
about 10% in oxygen content of the blood. This is of some im-
portance, because oxygen transfers from blood to tissues by dif-
fusion, and the process occurs at a rate proportional to the differ-
ence in oxygen tension between plasma and body tissues.

A common misconception is that oxygenation of patients can
be improved by increasing the physical (airway) pressure at
which oxygen is administered. Except in hyperbaric chambers,
oxygenation of patients is improved not by increasing the baro-
metric pressure of the gas mixture, but by increasing the propor-
tion or PO2 in the mixture. At a positive alveolar pressure exceed-
ing 40 mm Hg, the capillary circulation in the lungs is inhibited;
therefore, it is not practical to administer oxygen at a pressure ex-
ceeding this pressure. During anesthesia, hypoxemic episodes

are best handled by reducing the level of inhalant anesthetic in
the mask or rebreathing bag along with ensuring there is a high
inspired-oxygen concentration, while instituting IPPV at a nor-
mal f, VT, and inflation pressure (12 to 15 mm Hg in small ani-
mals, and 20 to 25 mm Hg in horses and cows).

In conscious, healthy animals, there is considerable capacity to
increase the rate of oxygen supply to, and CO2 removal from, the
body tissues, with up to 30-fold increases seen in exercising
horses. The gas transport is increased in conscious horses by a
fivefold increase in cardiac output, a 50% increase in hemoglo-
bin concentration, and a fourfold increase in the extraction of
oxygen from the blood traversing skeletal muscle capillaries.7

The capacity for increasing oxygen supply is considerably less in
more sedentary species.

During general anesthesia, these adaptive mechanisms to in-
crease systemic oxygen supply are markedly compromised.
Anesthetized animals are not likely to be able to appreciably in-
crease their VE or cardiac output, the spleen is often dilated and
incapable of contracting to increase hemoglobin levels, and a key
muscle (myocardial) cannot extract a greater proportion of oxy-
gen from the blood going through the capillaries in response to
an increase in demand or decrease in oxygen supply.

Carbon Dioxide Transport
Arterial CO2 levels are a function of both CO2 elimination and
production, and under normal circumstances PaCO2 levels are
maintained within narrow limits. During severe exercise, the pro-
duction of CO2 is increased enormously, whereas, during anes-
thesia, production likely decreases. Elimination of CO2 depends
on pulmonary blood flow (cardiac output) and VA. Normally, the
production of CO2 parallels the oxygen consumption according
to the respiratory quotient: R = VCO2/VO2. Although the value
varies depending on the diet, usually R is 0.8 at steady state.
Because of the blood buffer systems, CO2 transport to the lungs
for excretion is effected with little change in blood pH. The im-
portance of the lungs in excreting this volatile acid is illustrated
by the fact that, in humans, the kidneys eliminate 40 to 80 mEq
of hydrogen ions per day, while the lungs eliminate 13,000 mEq
per day as CO2.

A CO2 pressure gradient, opposite to that of oxygen and much
smaller, exists from the tissues to the atmospheric air: tissues =
50 mm Hg (during exercise, this may be higher); venous blood =
46 mm Hg; alveolar air = 40 mm Hg; expired air = 32 mm Hg;
atmospheric air = 0.3 mm Hg; and arterial blood = 40 mm Hg
(equilibrium with alveolar air). CO2 is carried from the mito-
chondria to the alveoli in a number of forms (Fig. 5.7).45 In the
plasma, some CO2 is transported in solution (5%), and some
combines with water and forms carbonic acid, which in turn dis-
sociates into bicarbonate and hydrogen ions (5%). Most (ca.
90%) of the CO2 diffuses into the red cells, where it is either
bound to hemoglobin or transformed (reversibly) to bicarbonate
and hydrogen ions through the action of the enzyme carbonic an-
hydase. The formation of bicarbonate in the red blood cell is ac-
companied by the chloride shift (this accounts for approximately
63% of the total CO2 transport). The excellent buffering capacity
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of hemoglobin enables changes in hydrogen-ion content to occur
during this process with minimal change in pH. Under ordinary
circumstances, the pH of venous blood is only 0.01 to 0.03 pH
units lower than that of arterial blood. CO2 is also carried in the
red cell in the form of carbamino compounds. Amino acids and
aliphatic amines combine with CO2 to form unstable carbamino
compounds. Hemoglobin (Hb) is the main protein acting in this
manner, though many can do so. The efficiency of this reaction is
greater with Hb than with hemoglobin-bound oxygen. Thus, as
hemoglobin and oxygen dissociate, hemoglobin’s capacity to
carry CO2 increases.

The mechanisms of CO2 and oxygen transport are integrated
in the blood in at least three ways: (a) The acidity of carbonic
acid produced in the tissues favors release of oxygen without a
change in oxygen tension, whereas the release of CO2 in the
lungs favors oxygen uptake (Bohr effect). (b) Release of oxygen
favors CO2 uptake and vice versa in the carbamino mechanism.
Upon the release of oxygen, hemoglobin becomes a weaker acid
and is more capable of accepting hydrogen ions, thereby facili-
tating its buffering effect (Haldane effect). (c) The two acid
forms of the hemoglobin molecule favor dissociation by shifting
from one form to the other. Oxygen uptake favors CO2 loss and
vice versa.

Just as the amount of oxygen transported by the blood depends
on the PO2 to which the blood is exposed, so is CO2 transport
likewise affected; however, the CO2 dissociation curve is more or
less linear. Thus, in contrast to the minimal effects on oxygen
content (Fig. 5.6), hyperventilation and hypoventilation may
have marked effects on CO2 content of blood and tissues.

Upper-Airway Obstruction
With the onset of general anesthesia, the nasal alar and pharyn-
geal musculature relax and, in deeper planes, the cough reflex is
abolished. The net effect is to predispose patients toward upper-
airway obstruction. This is particularly evident in brachycephalic
dogs suffering from stenotic nares, an elongated soft palate,

everted lateral laryngeal ventricles, and/or a hypoplastic trachea.
In these animals, the onset of general anesthesia may produce se-
rious and potentially fatal upper-airway obstruction unless the
trachea is intubated. Experience has shown that it is preferable to
perform endotracheal intubation in all anesthetized dogs, partly
to protect against upper-airway obstruction, but also to protect
against possible aspiration of secretions or refluxed gastric con-
tents from the stomach. It is important, however, that the endo-
tracheal intubation be done atraumatically. Routine use of a
laryngoscope reduces trauma during intubation. In many domes-
tic and laboratory species, the decision as to whether to use an
endotracheal tube is a risk-benefit decision that must be deter-
mined based on the species involved, the anesthetic regimen em-
ployed and the experience of the anesthetist, the intended opera-
tion, the health of the animal, and the duration of anesthesia.

In ruminants, endotracheal intubation is required for all but the
shortest-acting anesthetics, such as diazepam premedication with
low-dose ketamine in sheep, calves, and goats, which only lasts
about 5 min. The prime reason for endotracheal intubation is to
protect against aspiration of rumen contents after active or pas-
sive regurgitation. In swine, endotracheal intubation is compara-
tively difficult and requires considerable experience if trauma is
to be avoided. Swine have inherently small airways and are more
likely to develop apnea than other domestic species. Neverthe-
less, for most brief surgeries (e.g., hernia repair or cryptorchidec-
tomy) the risk-benefit balance is better served by not intubating
swine, but instead by paying careful attention to the depth of
anesthesia and to the character of respiration and head position
so as to minimize the chance of serious upper-airway obstruc-
tion. In most species, the best airway is provided when the head
is kept in a somewhat extended position: Pigs are unusual in that
the best airway is provided with the head at a normal angle to the
neck.

If significant upper-airway obstruction occurs in any species,
and the depth of anesthesia is not excessive, the animal usually
develops an exaggerated respiratory effort that is primarily ab-
dominal in character. The chest wall may even move inward on
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Fig. 5.7. Transport of carbon dioxide in the blood.
Carbon dioxide diffuses out of the tissues into the
plasma and erythrocytes, undergoing a variety of
reactions that result in the production of bicarbon-
ate and hydrogen ions. The hydrogen ions are then
buffered either by proteins in the plasma or by he-
moglobin, minimizing the pH change. In the lung, all
of the reactions that are shown in this figure are re-
versed. Reproduced from Robinson (p. 30),45 with
permission by Elsevier.



inspiration (paradoxical respiration) if the degree of upper-
airway obstruction is moderate or severe. The only other clinical
situation that produces this subtle, but distinctive, change in the
character of respiration is extremely deep anesthesia. This usu-
ally occurs at an anesthetic plane just before complete cessation
of respiratory drive—that is, apnea—ensues.

In rodents—such as mice, gerbils, hamsters, and guinea pigs—
and in rabbits, endotracheal intubation may be difficult unless the
anesthetist is experienced with the technique and has special
equipment. In these species, longer, well-controlled periods of
anesthesia for experimental purposes may well require endotra-
cheal intubation. Shorter procedures in a veterinary practice may
often be performed without using an endotracheal tube. A suit-
able face-mask and non-rebreathing administration system may
be used for oxygen administration (in the case of injectable anes-
thesia) or for administration of an oxygen-inhalant regimen using
a precision vaporizer. When the anesthetist is capable of perform-
ing atraumatic endotracheal intubation and has suitably small
tubes (3 to 4 mm), it is preferable to intubate ferrets and rabbits,
because surgical anesthetic planes produce considerable respira-
tory depression in both species, and it is much easier to deal with
apnea if an endotracheal tube is already in place.

There is some controversy as to whether an endotracheal tube
should always be placed in cats for shorter procedures (e.g., neu-
tering). Cats tend to maintain a patent airway somewhat more ef-
fectively than do other species, unless drugs are used (e.g., ether)
that increase the incidence of secretions and/or laryngospasm.
Laryngospasm is comparatively rare when halothane, isoflurane,
or sevoflurane are administered by mask, or when ketamine or
propofol are used along with diazepam, acepromazine, or low-
dose �2-agonist sedation for injectable anesthesia. Moreover, en-
dotracheal intubation requires a deeper level of anesthesia than is
needed for some minor surgical or diagnostic procedures.
Laryngospasm is more likely to occur after anesthesia when the
larynx has been traumatized during intubation or when the endo-
tracheal tubes have been cleaned with some sort of detergent or
disinfectant between animals without adequate rinsing. In a large
morbidity and mortality study conducted in the United Kingdom,
postanesthetic airway obstruction was one of the more frequently
encountered problems in cats,46 and the suspicion is that this
might well be associated with trauma during insertion of an en-
dotracheal tube into the airway. On the other hand, there can be
no denying the many advantages associated with endotracheal in-
tubation in cats, as with other species. A patent airway is imme-
diately available if the animal needs IPPV because of apnea or
respiratory insufficiency, the risk of aspiration of gastric contents
is markedly reduced, and it is easier to scavenge anesthetic waste
gases if an inhalant anesthetic is being used. In cats, laryngeal de-
sensitization with lidocaine will help to reduce spasm and trauma
associated with the placement of a tube. Endotracheal tube place-
ment for shorter procedures is not mandatory, providing that
emergency airway and oxygen are readily available and the pa-
tency of the airway is being continuously monitored.

Veterinary anesthesia textbooks have hitherto placed little em-
phasis on the need to provide for a secure airway in horses, pri-
marily because regurgitation is very rare. Although it is true that

short-duration, injectable, field anesthetic techniques have been
performed for many years without the use of an endotracheal
tube, a considerable degree of upper-airway obstruction does
occur in horses (Fig. 5.8), primarily because their nostrils no
longer flare during inspiration. Therefore, placement of an endo-
tracheal tube may be considered desirable in most circum-
stances.47

This tendency toward upper-airway obstruction increases
when a horse has been anesthetized for longer than 1 or 2 h, es-
pecially when in dorsal recumbency. It is thought that passive
congestion and tissue swelling occur because the nasopharynx
structures are lower than the heart in anesthetized animals, and
that this predisposes animals to airway obstruction in the recov-
ery period when the endotracheal tube is removed. As a result,
many equine anesthetists now secure an orotracheal, nasotra-
cheal, or nasopharyngeal airway during the recovery process
whenever horses have been anesthetized for any extended length
of time (e.g., over 30 to 45 min).48,49 Clinically, it appears that
ensuring an adequate diameter patent airway while a horse is try-
ing to stand up (and is breathing vigorously) prevents the panic
associated with partial or complete airway obstruction and leads
to more controlled recoveries. There is still a need for large-scale
morbidity and mortality studies that address the issue of when
and where endotracheal tubes should be used during routine vet-
erinary anesthesia, especially in a practice setting.

Anesthetic Alteration of the Control of
Respiration
Respiratory drive and the adjustment of f, VT, and VA are
achieved in conscious animals through a complex neural regula-
tory mechanism. Respiratory rhythm originates in the medulla
and is modified by inputs from higher brain centers and the ac-
tivity of chemoreceptor, pulmonary, and airway receptors. The
central neural control mechanisms regulate the activity of the pri-
mary and accessory respiratory muscles, producing gas move-
ment into and out of the lung and tracheobronchial tree. These
control mechanisms are described in detail elsewhere.5–7,50

Although there is certainly a similarity in the respiratory control
mechanism between species, it is important to realize that vari-
ous components may assume greater importance in different
species.

Normal Control Mechanisms
As important as the detailed information referred to earlier is in
helping us understand the respiratory adaptations to high altitude,
disease, and exercise, for the successful management of clinical
anesthesia a much simplified understanding of the control of res-
piration will suffice (Fig. 5.9). In conscious animals, VE and VA

are primarily determined by central chemoreceptor responsive-
ness to PaCO2 levels. The central chemoreceptors, located on the
ventral surface of the medulla and bathed by cerebrospinal fluid,
are exquisitely sensitive to changes in PaCO2 levels because CO2
is readily diffusible into cerebrospinal fluid and the central
chemoreceptor cell. The changes in PaCO2 are probably ulti-
mately detected as a change in the pH within the chemoreceptor
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cell. This ventilatory response to CO2 is often presented as a re-
sponse curve wherein VA or VE is plotted against the PaCO2, the
alveolar partial pressure of carbon dioxide (PACO2), the end-
tidal CO2 partial pressure (PETCO2), or the inspired-CO2 level
(Fig. 5.10A). An increase in PaCO2 of 3 to 5 mm Hg will pro-
duce a rapid doubling or tripling of VA in an effort to return
PaCO2 to eucapnic levels. This response is a little less sensitive
in horses51,52 and a lot less sensitive in burrowing and diving
mammals.53 In ruminants, the gas produced in the rumen may
consist of more than 60% CO2, and when it is eructated a signif-
icant proportion of this gas is inhaled, contributing to a cyclic
breathing pattern.50 A fall in arterial pH will also stimulate respi-
ration through the central and peripheral chemoreceptors, as seen
with metabolic acidosis: This response is slower. The central
chemoreceptors are not responsive to alterations in PaO2 levels.

The peripheral chemoreceptors, which are located in the
carotid and aortic bodies, generally play a significant part in res-
piratory drive only when PaO2 levels fall below 60 mm Hg.6,52

This is illustrated in Fig. 5.10B, drawn from a study on conscious
horses.54 As the FIO2 was decreased from 1.0 (100% inspired

oxygen) down to 0.16, there was no change in VE. At an FIO2 of
0.16, the alveolar oxygen tension (PAO2) would be 60 to 65 mm
Hg at sea level. In sheep, goats, calves, and ponies, however,
carotid body denervation causes some hypoventilation, hypox-
emia, and hypercapnia, and it is estimated that carotid body re-
ceptor activity is responsible for up to 30% of the resting VA drive
in calves at sea level55 and up to 40% in miniature pigs.17

The activity of the central neural systems and the level of ven-
tilatory drive are also influenced by the general level of central
nervous system activity, especially by traffic through the reticu-
lar activating system (RAS). This is evidenced by the decrease in
VA and small increase in PaCO2 that accompany sleep, and by the
fact that exercising animals commonly become hypocapnic even
if tissue oxygen delivery is adequate. Anesthetists make good use
of this link between RAS activity and respiratory drive by using
an increase in sensory stimulation (limb flexion, twisting a
horse’s ear, rolling a dog or cat over, or vigorously rubbing the
body surface) to increase ventilatory drive during emergence
from inhalation anesthesia, thereby speeding inhalant drug elim-
ination and recovery.
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Fig. 5.8. Changes in nonelastic work of breathing with the onset of general anesthesia (thiobarbiturate) in a spontaneously breathing horse.
The change in transpulmonary pressure (airway opening to esophageal balloon) is shown as the abscissa, and the change in volume (tidal vol-
ume) is shown on the ordinate scale. The area within the loops is a measure of the nonelastic work of breathing and is a reflection of the airway
resistance, as well as a small component of tissue resistance. The top left loop was obtained from a conscious horse breathing quietly; the top
right loop was obtained after 15 min of anesthesia with the horse in lateral recumbency and breathing without an endotracheal tube in place;
the bottom left loop is after the horse was intubated with a 25-mm tube; and the bottom right loop was obtained once the horse stood in re-
covery with the tube removed. Note the large increase in nonelastic work of breathing during anesthesia until an endotracheal tube is inserted,
and that fairly large negative pressures (10 to 15 cm H2O) must be generated before there is an appreciable volume of inspired gas. This is in-
dicative of upper-airway obstruction (W. McDonell, unpublished observations).



The apneustic and pneumotaxic centers, and pulmonary and
airway receptors, are primarily responsible for adjusting the bal-
ance between f and VT to achieve a given level of VA, usually in
a way that minimizes the energy cost of breathing. Although the
function of these receptors is generally not considered to be
greatly influenced by the action of anesthetic and perianesthetic
agents, they may play a part in some of the species differences
we see in response to a particular drug or group of drugs. For in-
stance, as the inhaled dose of isoflurane is increased, f remains
stable or increases in ferrets,56.57 whereas f decreases in rats56

and rabbits.57 In dogs and cats, as the dose of an inhalant agent
increases, f often remains constant or increases,58,59 although
there is some variation in response between drugs.60 In horses, f
remains more or less constant with increasing inhalant anesthetic
doses.61–63 Respiratory rate is usually less with isoflurane,
sevoflurane, or desflurane than with halothane at an equipotent
dose, whereas VT is larger.61,63 The barbiturates usually decrease
f and VT as the dose is increased, whereas the primary response
to increasing inhalant doses is to reduce VT (ether is an excep-
tion). In ruminants, general anesthesia is often associated with
tachypnea and very shallow breathing.64,65 All of these differ-
ences might well originate from species and/or drug differences
in the central inspiratory-expiratory switching mechanisms or

lung receptor activity (stretch receptors, irritant receptors, and C
fibers), but so far the evidence is primarily speculative. Irritant
airway receptor activity, especially in the larynx and tracheal re-
gions, appears to differ quite markedly between species. Horses,
for instance, have a weak laryngeal reflex, so it is rather easy to
insert a nasoendotracheal tube in a conscious horse, even without
the aid of local anesthesia. In contrast, swine and cats have a
strong laryngeal reflex, and fairly deep anesthesia is required for
easy endotracheal intubation unless local desensitization is pro-
duced using a topical anesthetic. The response of dogs is inter-
mediate.

Apneic Threshold
The apneic threshold is the PaCO2 level at which ventilation be-
comes zero; that is, where spontaneous ventilatory effort ceases
(Fig. 5.10A). A PaCO2 reduction of 5 to 9 mm Hg from normal
values through voluntary hyperventilation (a conscious human),
or by artificial ventilation of sedated or anesthetized animals,
produces apnea. The distance between the resting PaCO2 level
and the apnea threshold is relatively constant (i.e., 5 to 9 mm Hg)
irrespective of the anesthetic depth.66 Veterinary anesthetists use
the apneic threshold to control respiration (i.e., abolish sponta-
neous efforts) when putting an animal on a ventilator, or to tem-
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Fig. 5.9. Schematic diagram of the control of ventilation in conscious and anesthetized animals. In conscious animals, the level of alveolar
ventilation is primarily determined by the arterial carbon dioxide partial pressure (PaCO2) level (as sensed by the central chemoreceptors) and
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porarily provide for a quiet surgical field without having to resort
to the use of muscle relaxant drugs.

Drug Effect on Control of Ventilation
Anesthetics and some perianesthetic drugs alter the central and
peripheral chemoreceptor response to CO2 and oxygen in a dose-
dependent manner.66–68 This has important clinical implications
in terms of maintaining homeostasis during the perioperative pe-
riod. There will also be a diminution in external signs in hypox-
emic or hypercarbic anesthetized animals. Whereas unsedated
animals usually demonstrate obvious tachypnea and an increase
in VT or respiratory effort in response to serious hypoxemia or
hypercapnia, these external signs of an impending crisis may
well be absent or greatly diminished in anesthetized animals.

Inhalants and Injectable Drugs
All of the general anesthetic agents in current use produce a dose-
dependent decrease in the response to CO2.5,24,67 With commonly
used inhalant agents, the CO2 response is almost flat at a mini-
mum alveolar concentration of 2.0 (Fig. 5.11).69 The reduced sen-
sory input and central sensitivity to CO2 produce a marked fall in
VA, usually through a dose-related fall in VT, with f being reason-
ably well maintained. A proportional increase in VD/VT occurs,
because VD anat is more or less constant. As a result of these
changes, PaCO2 levels increase as the anesthetic dose is increased
when animals breathe spontaneously (Fig. 5.12A).58,70,71 In light
anesthetic planes (e.g., minimum alveolar concentration of 1.2),
PaCO2 will generally remain moderately elevated, but stable, over

many hours of anesthesia, whereas, at higher concentrations or in
ruminants, PaCO2 increases progressively over time. The degree
of hypercarbia at equipotent doses of inhalant (and intravenous)
anesthetic agents varies with the species and the degree of surgi-
cal stimulation (Fig. 5.12B).61,72–74 Of the commonly used in-
halant anesthetics, halothane produces the least increase in PaCO2
during spontaneous respiration, whereas, at equipotent doses,
isoflurane, sevoflurane, and desflurane produce somewhat higher
and similar PaCO2 levels in most species.57,60–63,75

In ruminants, the degree of hypercarbia is greater with equipo-
tent inhalant anesthetic doses than for horses, and horses show
more respiratory depression than monkeys or dogs (Fig. 5.12B).
Clinically, swine, ferrets, and rabbits also seem to be more prone
to hypercarbia, whereas deep-diving seals may become totally
apneic during light levels of anesthesia or even just opioid
sedation.76

During surgery the level of respiratory depression is usually
less and the differences between drugs may disappear. For exam-
ple, in dorsally recumbent, spontaneously breathing pregnant
mares induced with xylazine and thiamylal sodium and main-
tained on halothane or isoflurane for laparotomy surgery, PaCO2
levels increased from 53.8 to 58.3 mm Hg during halothane anes-
thesia and were 60.7 to 60.5 mm Hg during isoflurane anesthe-
sia. There was no significant difference in PaCO2 (or PaO2) lev-
els with the two agents from 30 to 90 min, although f was lower
(4 to 5/min) with isoflurane than with halothane (8 to 10/min).77

Barbiturates, propofol, and the cyclohexamines (ketamine,
phencyclidine, and tiletamine) also produce a similar dose-
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related alteration in the CO2 response, which may, in the case of
barbiturates, outlast the period of actual anesthesia by some
time.78 Although it is generally considered that ketamine is not as
much of a respiratory depressant as the barbiturates,68 clinical

experience and survey studies have shown that safe, clinically ef-
fective doses of ketamine may induce apnea in some susceptible
individuals.46 The typical response to increasing doses of barbi-
turates is for both VT and f to decrease. When injectable anesthet-
ics are used before inhalation agents, as is commonly done in
clinical veterinary anesthesia, the respiratory-depressant effects
of both drugs are at least additive.78

Although the control of ventilation during anesthesia is primar-
ily determined by central CO2 responsiveness (albeit reduced),
during very deep barbiturate anesthesia CO2 ventilatory drive
may disappear and the drive may become hypoxic. Hypoxic drive
sensitivity is also lessened appreciably by general anesthetics (at
least inhalants) in a dose-related manner (Fig. 5.11).69 It is inter-
esting to note that, although the peripheral chemoreceptor re-
sponse to PaO2 at physiological levels (80 to 110 mm Hg) is vir-
tually nonexistent in conscious animals, in anesthetized horses
and ducks the PaCO2 levels are greater at FIO2 1.0 than at FIO2
0.3.79,80 Therefore, the high oxygen levels used in most inhalant
regimens might contribute somewhat to depression of ventilation
while helping to ensure that the level of oxygenation is adequate.

Opioids
When given alone, opioids shift the CO2 response curve to the
right with little change in slope, except at very high doses. This
means that the resting PaCO2 level might be a little higher in an
animal receiving a therapeutic dose of an opioid for premedica-
tion or postoperative recovery, but that the response to further
CO2 challenge (from metabolism, airway obstruction, etc.) will
not be abolished. Clinically, when opioids are used at high doses
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Fig. 5.11. Effect of halothane sedation (0.1 minimum alveolar con-
centration [MAC]) and anesthesia (1.1 and 2.0 MAC) on depression of
the ventilatory response to hypoxia, hypercapnia, and doxapram ex-
pressed as a percentage of the awake control response. Reproduced
from Knill and Gelb,69 with permission.
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as part of a balanced anesthetic regimen, there is an additive ef-
fect of the opioid depression of the respiratory center and the
general anesthetic, and considerable hypercarbia or even apnea
may be produced.81,82 In addition, the µ opioids in particular tend
to produce rapid, shallow breathing in dogs,83 which may inter-
fere with the subsequent uptake of an inhalant anesthetic.

At the doses commonly employed for routine opioid premed-
ication or postoperative analgesia in veterinary practice, signifi-
cant respiratory depression is very rarely seen, at least in terms of
producing hypercapnia.83–85 Frequency of ventilation may de-
crease owing to a decrease in apprehension. In fact, effective
alveolar ventilation may well improve when opioid analgesics
are employed for postoperative pain relief.86 The postoperative
use of opioids has been implicated in the development of an in-
creased incidence of postoperative atelectasis and hypoxemia in
human patients, especially during sleep.87 Clinical evidence
would suggest that the incidence of similar problems in veteri-
nary patients is rare, but it is an area that warrants further study.

The historical tendency to minimize the use of opioids for
postoperative analgesia because of the fear of serious respiratory
problems is simply not based on facts, as is now well recog-
nized.88 There is a ceiling effect and less respiratory depression
associated with opioid agonists/antagonists (e.g., pentazocine,
butorphanol, nalbuphine, and buprenorphine) when used at high
doses than with the pure µ-agonists (meperidine, morphine, and
oxymorphone).89 Using the epidural route of administration
helps to ensure that there is minimal postoperative respiratory de-
pression with high-risk cases.90,91

Tranquilizers
The phenothiazine and benzodiazepine sedatives often reduce the
respiratory rate, especially if an animal is somewhat excited prior
to administration, but they do not appreciably alter arterial blood-
gas tensions.84,92,93 There are few studies of the effect of these
drugs on CO2 responsiveness, especially in animals. Horses se-
dated with acepromazine (0.65 mg/kg intravenously [IV]) re-
sponded similarly, in terms of VE change, to unsedated horses
until the level of hypoxia or hypercapnia was quite severe (FIO2
of 0.1 or FICO2 of 0.06), at which time the response was less-
ened.54 When used alone, diazepam (0.05 to 0.4 mg/kg IV) does
not produce significant changes in PaO2 or PaCO2 in horses.94

The respiratory-protective nature of these drugs is such that when
they are combined with a general anesthetic, and the required
dose of the general anesthetic is thereby lessened, ventilation is
better than when an equipotent higher concentration of the gen-
eral anesthetic (barbiturate or inhalant) is used alone. This may
be one of the reasons why phenothiazine and benzodiazepine
tranquilizers are widely employed as preanesthetic drugs in clin-
ical practice.

Sedatives and Hypnotics
The �2-adrenoceptor agonists (�2-agonists) produce a more com-
plicated effect on respiration. The usual clinical doses of xylazine
and detomidine produce laryngeal relaxation in horses and alter
pulmonary mechanics (dynamic compliance and pulmonary re-
sistance).95,96 Some, but not all, of this effect is produced by the

change in position of the horse’s head with sedation.97 Certainly,
the degree of laryngeal dysfunction produced by �2-agonist se-
dation in horses precludes using this type of sedation when car-
rying out diagnostic examination of the larynx. Although most
studies have failed to demonstrate a significant increase in
PaCO2 levels after sedation of horses with xylazine, detomidine,
or romifidine,98,99 a fall in PaO2 of 10 to 20 mm Hg is often ob-
served.95,97,98

In sheep, it is apparent that clinically useful sedative doses of
xylazine and other �2-agonists produce significant hypoxemia, as
illustrated in Fig. 5.13, without producing hypoventilation.100,101

Sheep remain eucapnic or even become hypocapnic from the hy-
poxic stimulus. This response is associated with tachypnea, a fall
in dynamic compliance of the lung (i.e., an increased stiffness),
and an increase in the maximum change in transpulmonary pres-
sure and pulmonary resistance during tidal breathing.100–102 This
response can occur with even subsedative doses,102 and the hy-
poxemia can last longer than the period of sedation.100,101 On
conventional and electron-microscopic histological examination,
the initial response appears to be associated with internalization
of the surface coat and activation of the pulmonary intravascular
macrophages found in sheep (and all other ruminants).103 It is hy-
pothesized that these reactive cells release inflammatory media-
tors that lead to the rapid onset of bronchoconstriction and to leak-
age of the pulmonary vascular bed. By 10 min, there is obvious
evidence of intra-alveolar edema and hemorrhage after clinical
sedative doses of xylazine (Fig. 5.14) or medetomidine, and even
after administration of the peripherally acting nonsedative �2-
agonist ST-91.103

It is unclear whether this toxic response also occurs in other
ruminants, partly because the effect of a change in body position
or the concurrent use of other drugs is hard to differentiate. In
calves, PaO2 levels decreased from 88 to 55 mm Hg after xy-
lazine sedation104 and, in goats, a fall from 90 to 65 mm Hg was
observed.105 When seven healthy adult Holstein cows positioned
in left lateral recumbency (on a tilt table) were given 0.2 mg/kg
xylazine IV, mean PaO2 levels decreased from 79.0 ± 4.5 mm Hg
(SEM) to 54.5 ± 2.7 mm Hg at 5 min and to 58.4 ± 2.6 mm Hg
at 15 min after xylazine administration. PaCO2 levels also in-
creased significantly from 34.9 ± 2.0 mm Hg to more normal lev-
els of 45.0 ± 2.1 and 45.6 ± 1.4 mm Hg at 5 and 15 min (R.
Warren and W. McDonell, unpublished data).

Hypoxemia is a significant problem when wild deer, bison, and
wapiti are immobilized using drug combinations containing �2-
agonists (or opioids).106–108 Treatment with supplemental oxygen
is recommended and will increase PaO2 to safer levels.108

When used alone at sedative doses, the �2-agonists exhibit lit-
tle evidence of true respiratory depression in healthy dogs 
or cats.109–113 There may be a decrease in respiratory rate and per-
haps a small increase in PaCO2 levels, but PaO2 levels are well
maintained. The peripheral cyanosis that has been reported in up
to one-third of dogs sedated with medetomidine is believed to be
caused by the low blood flow through peripheral capillary beds
and venous desaturation, rather than a fall in arterial saturation.114

It is important to appreciate, however, that the degree of respira-
tory depression produced by any �2-agonist will be increased
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(often substantially) when the agonist is given along with other
sedatives or anesthetic agents. A number of studies have clearly
demonstrated that medetomidine produces elevated PaCO2 levels
and PaO2 levels in the mildly hypoxic range (i.e., 60 to 70 mm Hg)
when combined with either µ or � opioids, or with propofol or ke-
tamine, at clinical doses in healthy animals. The decrease in PaO2
levels is due in part to some degree of hypoventilation and to an in-
crease in V/Q scatter, as described in the next section. Therefore, it
is recommended that oxygen should be administered by face mask
or endotracheal intubation whenever �2-agonists are used in com-
bination with other sedatives or injectable anesthetics.114 This is
especially true when dealing with geriatric or ill animals.

Ventilation-Perfusion Relationships
During Anesthesia
The onset of general anesthesia3,5,6 or, in the case of larger ani-
mals, even a change in body position115–118 often produces lower
PaO2 levels than expected for the delivered concentration of in-

spired oxygen. This change can occur even without hypoventila-
tion and during both spontaneous and controlled breathing.
Lower PaO2 is produced by altered ventilation-perfusion ratios
within the lung. Much of what we know about this phenomenon
of altered gas exchange is derived from studies of the human re-
sponse to anesthesia, some experiments in dogs, and many stud-
ies on anesthetized horses. It is obvious when one looks at the
collective results that there are important species differences, al-
though the reason(s) for these differences are not always obvious.

Ventilation-Perfusion Scatter Under Normal
Conditions
To understand how anesthesia alters ventilation-perfusion (or
V/Q) relationships, it is first necessary to appreciate the scatter of
V/Q ratios in the normal lung of unanesthetized animals and to
appreciate the mechanisms by which regional matching of pul-
monary blood flow and alveolar ventilation is optimized.7,41

Figure 5.15 is a schematic representation of V/Q relationships in
conscious and anesthetized animals.
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Fig. 5.13. Arterial oxygen tension (arterial oxygen partial pressure [PaO2]) in sheep after intravenous saline, diazepam, or �2-adrenergic ago-
nist sedative administration in healthy adult sheep maintained in sternal recumbency. Baseline (BL) values over 1 h are shown for saline (�), di-
azepam (�, 0.4 mg/kg), xylazine (�, 150 µg/kg), romifidine (�, 50 µg/kg), detomidine (�, 30 µg/kg), medetomidine (�, 10 µg/kg) and the pe-
ripheral acting experimental nonsedative �2-agonist ST-91 (�, 30 µg/kg). Significant differences (P � 0.05) from placebo treatment for diazepam
(*) and all other �2-agonists (#) are shown. Note the marked degree of hypoxemia with arterial oxygen partial pressure (PaO2) values well below
normal venous levels, and also the persistence of the hypoxemia over the full 1 h. This was well past the actual duration of sedation for a num-
ber of the agents. Data modified from Celly et al.,100,101 with permission.



Intrapleural pressure is more subatmospheric over the upper-
most areas of the lung than adjacent to dependent regions be-
cause of the “weight” of the lung within the thoracic cavity.39,119

Partly because of differences in lung density among species and
partly because of differences in chest wall configuration, the total
vertical gradient of intrapleural pressure over the whole lung ap-
parently does not differ much among species, despite large dif-
ferences in lung size and height. This is fortuitous, because oth-
erwise there would be a tendency for too great a discrepancy
between the size of the uppermost and lowermost alveoli. The
gradient of intrapleural pressure means that in unanesthetized an-
imals the uppermost alveoli (A in Fig. 5.15) are larger than alve-
oli in the middle and lower regions of the lung (C and D). Since
the pressure-volume curve of the lung is sigmoid, the larger alve-
oli tend to be on the flat part of the curve and thus distend less
for any given change of intrapleural pressure during inspira-

tion.6,120 Thus, the more dependent alveoli (D) receive propor-
tionally more of an inspired tidal volume, unless a disease
process (e.g., chronic airway obstruction or pneumonia) or a de-
crease in lung volume leads to intermittent or complete airway
closure (E and F) or actual atelectasis (G).

At the same time, there is a vertical gradient of pulmonary
blood flow, because the pulmonary artery is a low-pressure sys-
tem affected by hydrostatic pressure.42,121 Some alveoli may re-
ceive no perfusion (A in Fig 5.15) and constitute an alveolar dead
space, whereas alveolus D receives more perfusion than alveolus
B. In most species, the increased ventilation of alveolus D is not
sufficient to match the higher perfusion, and the V/Q ratio of
alveolus D is 0.7, compared with the V/Q ratio of 1.7 for alveo-
lus B. Overall, the collective scatter of V/Q ratios for the normal
lung in resting individuals is 0.8 to 0.9.

Based on radioisotope-distribution evidence, the vertical gra-
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Fig. 5.14. Histology of sheep lungs
10 min after intravenous saline admin-
istration (A) or 150 µg/kg of xylazine
(B). Note the degree of alveolar hem-
orrhage and edema present after xy-
lazine administration. Euthanasia and
fixation as reported elsewhere.103

Images courtesy of C. Celly, with per-
mission.

A

B



dient of perfusion and ventilation is minimal in standing dogs
with a horizontal lung,122 and matching of vertical perfusion and
ventilation gradients in conscious horses is such that there is lit-
tle difference in V/Q in different lung regions.123 More recent
studies using a multiple inert-gas washout method in horses sug-
gest the scatter of V/Q ratios in conscious horses is very similar
to that seen in people.124 No regions of low V/Q were identified,
but a minor shunt component (less than 3% of cardiac output)
was observed. A high V/Q area was observed (constituting 3% to
17% of the total), and the extent of this area was correlated with
lower pulmonary artery pressures.124

When pulmonary artery blood flows through vascular chan-
nels not adjacent to alveoli (H in Fig. 5.15) or passes nonventi-
lated alveoli (G and F), unoxygenated blood will pass from the
right side of the circulation into the left side, leading to a lower
PaO2.

In conscious animals, if regional ventilation is decreased, a
local vasoconstriction (hypoxic pulmonary vasoconstriction
[HPV]) tends to divert blood flow away from underventilated
areas of the lung.121 There is an apparent difference in the strength

of the HPV response to whole lung hypoxia in various species,125

based on high-altitude and excised lung studies.126,127 Cattle and
swine have a strong reflex, whereas ponies, cats, and rabbits have
an intermediate response. Sheep, cats, and dogs show less re-
sponse. It appears, however, that under normal conditions even
species with a weak hypoxic pulmonary reflex are capable of con-
siderable blood flow diversion in response to regional areas of low
alveolar oxygen content.125,128

Measurement of V/Q Mismatch
When the barometric pressure, inspired-oxygen concentration,
PaCO2, and respiratory quotient are known, the PAO2 can be cal-
culated by using one form of the alveolar air equation (Figs. 5.2
and 5.4). The difference between this value and the PaO2 (i.e., the
alveolar-to-arterial gradient [P(A-a)O2]) provides a convenient
and practical measure of the relative efficiency of gas exchange.
This measurement is commonly used in anesthetic studies. The
measured P(A-a)O2 value increases as FIO2 goes up for any given
V/Q situation, and it is imperative that the FIO2 level be taken
into account when comparisons are made. In practice, most 
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Fig. 5.15. Schematic diagram of ventilation-perfusion (V/Q) relationships in the lung and the primary mechanisms whereby venous admixture
and the alveolar-to-arterial gradient (P(A-a)O2) increases during anesthesia. The gradient of pleural pressure is shown with the uppermost aspect
of the pleural space more subatmospheric than the dependent region, which may even become positive relative to atmosphere if lung volume
decreases enough. The inflow of gas is represented by the nonshaded area in the tracheobronchial tree. This inspired gas may reach alveoli that
are not perfused (A), may reach alveoli that are variably perfused (B to D), or may intermittently reach alveoli (E) through airways that open only
later during the inspiration. Nonventilated alveoli (F) will usually become atelectatic (G), especially when high inspired-oxygen levels are used.
The finely shaded area represents the flow of mixed venous blood from the pulmonary artery, and the coarsely shaded area represents postcap-
illary oxygenated blood. Blood flow from alveoli with low V/Q ratios (E), from nonventilated alveoli, or from anatomical shunt areas (H) will all
contribute to the venous admixture effect and increase the alveolar-to-arterial gradient (P(A-a)O2). The venous admixture effect of low V/Q areas
is abolished when high-oxygen mixtures are inhaled, because even poorly ventilated alveoli will have sufficient oxygen to oxygenate the blood
going past.
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P(A-a)O2 determinations are made at oxygen concentrations of
21% or near 100%.

The amount of venous admixture or pulmonary-shunt flow can
be determined if mixed venous (pulmonary artery) and arterial
blood oxygen contents are obtained along with a measurement of
cardiac output and calculated PAO2. The terms venous admixture
and shunt flow do not mean exactly the same thing, although they
are often used interchangeably in the literature, which causes
some confusion. Venous admixture refers to the degree of admix-
ture of mixed venous blood with pulmonary end-capillary blood
that would be required to produce the observed difference be-
tween the arterial and the end-capillary PO2.5,6 The end-capillary
PO2 is assumed to equal the alveolar PO2. Venous admixture is a
calculated amount (i.e., a proportion of cardiac output) and in-
cludes the PaO2-lowering effect of low V/Q areas, blood flow
past nonventilated areas, and true anatomical shunt flow (bron-
chial and thebesian venous blood flow). When the inspired-
oxygen level is high, blood passing low-V/Q areas will be oxy-
genated (Fig. 5.15), and the P(A-a)O2 gradient and determination
of venous admixture is a measure of all the total blood flow not
contributing to gas exchange; hence the term pulmonary-shunt
flow. Note that this flow includes both anatomical shunt flow and
flow past nonventilated or collapsed alveoli.

If one knows the inspired-oxygen concentration and the PaO2,
and assumes that the arterial-venous oxygen extraction is normal,
an isoshunt diagram can be used to provide a convenient and rea-
sonably accurate estimate of the magnitude of pulmonary-shunt
flow (Fig. 5.16).129 Figure 5.16 is a diagram that illustrates the
poor response, in terms of improving PaO2, that will occur with
increased inspired-oxygen concentrations when shunt flows are
over 30%.

Effect of Positional Changes
Very few thorough studies of the respiratory consequences of po-
sitional changes in conscious domestic animals have been carried
out because of the technical difficulties in doing such studies with
uncooperative animals. In conscious human patients positioned in
lateral recumbency, there is proportionately more ventilation to
the lowermost lung.130 There is a slight fall in FRC, but in indi-
viduals with normal lungs and body confirmation there is little
change in PaO2. Conscious dogs positioned in sternal (prone), lat-
eral, and dorsal (supine) recumbency showed no positional
change in FRC (Fig. 5.17).131 Unsedated sheep,115 cattle,118 and
ponies116 develop some degree of hypoxia when put into lateral
recumbency, although this finding was not present in another
group of ponies.132 Mean PaO2 levels in unsedated adult cattle po-
sitioned in dorsal recumbency are in the range of 60 to 70 mm Hg,
with some animals experiencing marked hypoxemia.117,118

Although the evidence in conscious animals is mainly cir-
cumstantial and meager, it does appear that the main determinant
of FRC is a decrease in lung volume in recumbent animals 
(Fig. 5.18), as has been reported in anesthetized animals.36,37

When conscious, sedated, 1400- to 4000-kg elephants voluntar-
ily moved from a standing position to left lateral recumbency,
PaO2 levels decreased only from 96.2 to 83.8 mm Hg (at 10
min).133 This relative protection against positional hypoxemia
may be related to anatomical differences in the lung parenchyma,
chest wall, and lung adhesion to the chest wall.134

In standing cows and sheep, rumen distension and the associ-
ated increase in abdominal pressure produce a decrease in PaO2,
and at very high rumenal pressures a reduction in VE and cardiac
output.135,136 In four standing ponies (two starved for 18 h and
two nonstarved), FRC as measured by helium dilution decreased
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Fig. 5.16. An isoshunt diagram depicting the relation-
ship between inspired-oxygen concentration, partial
pressure of oxygen (PO2), and various degrees of ve-
nous admixture or pulmonary shunt. Shunt flow is ex-
pressed as a percentage of cardiac output. The arteri-
ovenous (a-v) oxygen-content difference is assumed to
be 5.0 mL per 100 mL of blood, reflecting a normal car-
diac output. The shunt bands have been drawn to in-
clude the range of hemoglobin (Hb) and arterial carbon
dioxide partial pressure (PaCO2) levels shown. Redrawn
from Benetar et al. (p. 713),129 with permission.



by 13.4% (range, 11.6% to 14.7%) after sedation with 0.04
mg/kg of acepromazine given intramuscularly. In another study,
overnight starvation increased the FRC of five standing, unse-
dated ponies by about 16%.37

Species Differences
As mentioned earlier, deep sedation and general anesthesia com-
monly produce a fall in PaO2 levels even in healthy animals.
Some of this decrease can be associated with hypoventilation
(Fig. 5.6), but even when PaCO2 levels are eucapnic, PaO2 is
generally decreased. The anesthetic-induced change in PaO2 is
associated with increases in the scatter of V/Q ratios, the P(A-a)O2
gradient, and the level of venous admixture.3,5,6 In the case of
larger mammals, there may even be gross V/Q mismatch.1,137 It
is generally appreciated that P(A-a)O2 gradients are always in-
creased during general anesthesia in horses.1,2,138,139 Healthy
horses may have low PaO2 levels when anesthetized with in-
jectable drugs.140 In horses with diseased lungs or depressed car-
diopulmonary function (e.g., anesthesia), it may be impossible to
maintain PaO2 levels above 70 mm Hg even with 100% inspired
oxygen.141 The same response to 100% oxygen administration
may be observed in adult cattle.65

Recumbency per se does not produce significant hypoxemia in
healthy dogs, cats, or people, and in the case of larger mammals
produces less of an increase in the P(A-a)O2 gradient than is seen
after the onset of anesthesia. What are the factors that produce
hypoxemic changes in anesthetized animals? Research on the
respiratory effects of anesthetics has focused on their influence
on (a) HPV; (b) lung volume, chest wall, and pulmonary mechan-
ical factors; and (c) the resultant distribution of regional pul-
monary blood and gas flow.

Hypoxic Pulmonary Vasoconstriction
It appears that this important protective mechanism to optimize
V/Q in the lung is obtunded by many anesthetics. Investigations

in intact animals and with excised lungs have established that
most, if not all, inhalational agents reduce HPV, and that none of
the injectable agents examined (narcotics, barbiturates, or benzo-
diazepines) have any detectable effect.121 There is at least one re-
port that HPV is better maintained with sevoflurane and desflu-
rane,142 but the practical importance of this finding is not yet
clear. The onset of the interference with HPV is rapid with in-
haled anesthetics and persists throughout anesthesia. The end re-
sult of this interference with HPV is that, for any given level of
altered intrapulmonary gas distribution caused by reduced lung
volume, intermittent airway closure, or regional atelectasis, a
greater degree of hypoxemia exists. With an animal breathing
100% oxygen and HPV abolished, PaO2 has been estimated to be
only 100 mm Hg with 30% of the lung atelectatic, compared with
a PaO2 level of over 400 mm Hg with the same degree of ate-
lectasis and an intact HPV response.121 No clinically relevant,
controlled comparisons of P(A-a)O2 gradients have been per-
formed using intravenous anesthesia compared with inhalational
anesthesia in veterinary patients. There is some evidence that
PaO2 is better maintained in horses when a xylazine-ketamine-
guaifenesin infusion is used instead of halothane to maintain
anesthesia.143

In anesthetized horses, there is evidence that pulmonary perfu-
sion does not linearly increase from the uppermost lung areas to
the lowermost areas solely on a gravitational basis, even when
HPV is abolished.144,145 It has been demonstrated that the gravity-
dependent pulmonary blood flow of conscious horses is altered
when they are positioned in sternal, lateral, or dorsal recum-
bency during halothane anesthesia.146 There was a reduction in
blood flow to the cranioventral areas of the lung and a propor-
tional increase in flow to dorsocaudal regions, irrespective of
body position. A nongravitational pulmonary blood flow pattern
in pentobarbital-anesthetized ponies has been demonstrated.147

At least some of this diversion of pulmonary blood flow from the
most dependent areas of the horse lung might be related to cre-
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Fig. 5.17. Effect of positional changes
and general anesthesia on functional resid-
ual capacity (FRC) in dogs (D), cattle (C),
ponies (P), and horses (H). FRC in the con-
scious state is shown by the open squares
and in the anesthetized state by the solid
squares. All measurements were obtained
during barbiturate anesthesia. Note that
FRC does not change appreciably in anes-
thetized dogs with positional changes and
decreases markedly with the onset of
anesthesia and recumbency in the larger
species. In horses, FRC is markedly less in
dorsal or lateral recumbency, compared
with sternal recumbency. Data taken from
various studies.35–37,117



ation of a zone IV area of blood flow from reduced lung volume
and an increase in interstitial fluid pressure (Fig. 5.3). This sort
of diversion has been observed in persons at low lung vol-
umes,148 and in dogs when interstitial fluid pressures were ele-
vated.149 Whatever the cause, in laterally recumbent horses, the
redistribution of pulmonary blood flow away from relatively
nonventilated lower lung to better-ventilated upper lung has a
beneficial effect in reducing the degree of venous admixture.145

It is important to appreciate that redistribution is far from com-
plete, and venous admixture or shunt flows in horses often ex-
ceed 20%.

Functional Residual Volume
In recumbent humans, FRC is reduced by about 0.5 L with the
induction of general anesthesia,120 which is 15% to 20% of the
normal FRC. The mechanisms underlying this reduction in FRC
remain unclear. Atelectasis, increased thoracic or abdominal
blood volume, and loss of some inherent tone in the diaphragm
at end exhalation all seem to be involved.3,87,120,130 Irrespective
of the cause, there is evidence of a correlation between changes
in FRC and the P(A-a)O2 gradient after induction of anesthesia.150

Airway closure, atelectasis, and dependent regions of poorly aer-
ated lung tissue have been demonstrated by using inert-gas elim-
ination and computed tomographic techniques.151,152

There is little information regarding FRC changes in dogs and
cats, but in one well-controlled study the onset of general anes-
thesia did not alter FRC significantly in sternal, lateral, or dor-
sally recumbent dogs (Fig. 5.17).131 These were medium-sized
mongrel dogs (13 to 28 kg), and larger dogs might show a differ-
ent response. Differences in V/Q ratios during anesthesia have
been noted between beagles and greyhound-type dogs.153

In horses and cows, the decrease in FRC with the onset of re-
cumbency and general anesthesia may be quite marked, as much
as 50% to 70% (Fig. 5.17). This has been radiographically
demonstrated154,155 and directly measured by helium dilu-
tion37,156 and nitrogen washout.36 This change in FRC seems to
be primarily related to the positional change from an upright pos-
ture to recumbency (Fig. 5.18) and, in horses at least, is greater
in lateral or dorsal recumbency than when prone (Fig. 5.17).36 In
laterally recumbent animals, the dependent lung is poorly aerated
radiographically154,155 and has a smaller FRC (as measured by
helium dilution) (Fig. 5.19). Studies using nuclear scintigra-
phy137 and computed tomography157 have clearly demonstrated
that there is markedly less ventilation of the dependent lung of
horses in lateral recumbency during anesthesia. This reduction in
lower lung volume is accompanied by actual atelectasis (Fig.
5.20) and may be influenced by the degree of obesity or body
conformation.158

The FRC of anesthetized horses can be increased and the 
P(A-a)O2 gradient reduced through the use of high (20 to 30 cm
H2O) positive end-expiratory pressure (PEEP).141,159,160 If PEEP
of this magnitude is introduced, there is a marked decrease in ve-
nous return to the heart and in cardiac output. The mechanism by
which PEEP reduces the P(A-a)O2 gradient and venous admixture
is likely through increasing total and/or regional FRC, with sub-
sequent prevention of the intermittent airway closure and rever-

sal of the atelectasis that is represented diagrammatically by
alveoli F and G in Fig. 5.15. Moens and colleagues161 used a
double-lumened endotracheal tube and differential IPPV (higher
VT and PEEP of 10 to 20 cm H2O) to the lowermost lung of quite
large laterally recumbent horses (420 to 660 kg). This technique
increased PaO2 levels by over 100% and decreased pulmonary-
shunt perfusion by 33%. Similar beneficial effects have been re-
ported using PEEP and selective mechanical ventilation of de-
pendent areas of the lungs in dorsally recumbent horses (Fig.
5.21).162 With the onset of general anesthesia and positioning in
lateral recumbency, PaO2 levels were elevated to only about 250
mm Hg, rather than the expected above 500 mm Hg that should
have occurred if there was no problem with gas exchange. When
the horses were moved into dorsal recumbency, their mean PaO2
level fell to below 100 mm Hg. Conventional IPPV of the whole
lung did little to improve PaO2, whereas selective mechanical
ventilation of the dependent areas of the lung with 20 cm H2O re-
stored PaO2 to the level measured in lateral recumbency.

Chest Wall and Pulmonary Mechanics Changes
The evidence implicating alteration of chest wall (including di-
aphragm) and lung mechanical factors as causative agents in the
increase in P(A-a)O2 during anesthesia is often conflicting.
Certainly, there is a difference in the chest wall mechanics be-
tween people and dogs during general anesthesia.120 It appears
that most dog breeds (and probably cats) have a more compliant
lateral chest wall that tends to contribute relatively little to the in-
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Fig. 5.18. Functional residual capacity (FRC) in a xylazine-sedated
pony (273 kg) while standing (conscious), after positioning in left lat-
eral recumbency with hobbles (cast), and after induction of anesthe-
sia with thiopental (anesthetized). The study was done twice: once
after an 18-h period of starvation and once without starvation. FRC
was measured by helium dilution.156



spiratory effort, compared with the diaphragm, with clinical
doses of most anesthetics. In all species, dangerously deep planes
of anesthesia are commonly associated with flaccidity of the tho-
racic wall and paradoxical inward movement during inspiration
(paradoxical inspiration). If one watches closely, this same type

of respiration may be seen in cats, ferrets, and other small mam-
mals, even with light levels of anesthesia.

In horses and cows, with the onset of anesthesia and move-
ment into lateral recumbency, there is radiographic evidence of a
marked change in the two-dimensional lung silhouette and the
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Fig. 5.19. Functional residual capacity
(FRC) of the left and right lungs, and both
lungs, in a horse positioned in dorsal and
right and left lateral recumbency. The horse
was maintained under stable intravenous
anesthesia, and FRC was determined by
helium dilution using a double-lumen endo-
tracheal tube to separate the two lungs.156

Note that the FRC of the dependent lung
decreases from the proportion measured
during dorsal recumbency and becomes a
small percentage of the total FRC, irrespec-
tive of which lung is dependent.

Fig. 5.20. Transverse computed tomo-
graphic scans of the thorax of a pony during
anesthesia with thiopental/halothane in left
lateral recumbency (top left) and in dorsal
recumbency during spontaneous respiration
(top right), mechanical ventilation (bottom
left), and mechanical ventilation with posi-
tive end-expiratory pressure (PEEP) of 10
cm H2O (bottom right). Note the appear-
ance of large dense areas encircled by a
white line in dependent lung regions. The
heart is visible as a white area in the middle
of the thorax. Reproduced from Nyman et
al.,157 with permission.
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position of the diaphragm.154,155 In ponies anesthetized with
halothane, the diaphragmatic outline moved forward rather uni-
formly in sternal (prone) or lateral recumbency, but the forward
shift was considerably greater in lateral recumbency.154 When
the ponies were positioned in dorsal (supine) recumbency, the di-
aphragmatic outline sagged toward the now-dependent spine re-
gion. With minor variations, observations by Watney155 in study-
ing 315- to 400-kg cattle were very similar. The positional
alteration of the diaphragmatic silhouette agrees nicely with the
reduction in FRC noted by Sorenson and Robinson36 when
ponies were moved from sternal to lateral or dorsal recumbency.
In lateral recumbency, the dorsal areas of the diaphragm moved
more during inspiration than did the more ventral sternal area,
while the uppermost crural movement exceeded that of the low-
ermost crural segment.163 This is in contrast to awake and anes-
thetized recumbent persons, where the most dependent portions
of the diaphragm are most active.164 The tonic activity of the lat-
eral chest wall, especially that provided by the serratus ventralis
muscle, is greatly decreased in anesthetized horses, and it is pos-
tulated that this reduces the stabilization of the lateral chest
wall.165

Although it is generally accepted that halothane and isoflurane
produce bronchodilation in humans,6,166,167 general anesthesia
produces an apparent increase in the elastic recoil of the lung.120

In anesthetized ponies, halothane, isoflurane, and enflurane had
a mild bronchodilating effect,168 whereas, in cows169,170 and in
standing horses at subanesthetic concentrations,171 halothane did
not produce bronchodilation. Interpretation of measurements of
pulmonary resistance and compliance during anesthesia are
made difficult because changes in lung volume per se will alter
these values,6,169 as was demonstrated when nonstarved cows
were studied over a 3-h anesthetic period.172 It would appear,
however, that the chest wall and lung volume changes play a

much larger part in the generation of increased P(A-a)O2 gradients
during anesthesia than any true alteration of lung mechanics.

Clinical Implications of Altered
Respiration During Anesthesia
The complexity of the respiratory response to anesthesia in vet-
erinary patients may seem more than a little daunting to novice
anesthetists and to veterinary practitioners of necessity function-
ing without the benefit of appreciable advanced training in the
discipline. This is made so, in part, because of the variety of
species that we attend to, as well as the wide range of drugs and
environments in which veterinarians find that they must sedate,
chemically restrain, or anesthetize animals. In this section, we
summarize the most important clinical considerations relative to
respiratory management on a species basis for typical patients.
This overview is based to a large extent on personal experience
and on discussions over the years with academic colleagues and
practicing veterinarians. Unfortunately, there are exceedingly
few morbidity and mortality surveys of relevant case material
upon which one might base more objective conclusions. It is im-
portant to appreciate that exceptions to these generalizations may
exist, based on the inherent health of the animal being treated,
and because the anesthetic response in an individual animal is not
always “typical.” There is simply no safe alternative other than
ongoing careful monitoring of the respiratory system during
anesthesia.

Humans
Since so much of our knowledge of the altered physiology of
anesthesia is derived from the literature on human patients, it
helps to understand how human anesthesia differs from veteri-
nary anesthesia. In anesthetized humans, alveolar dead space in-
creases by about 70 mL, and venous admixture constitutes ap-
proximately 10% of the cardiac output, compared with 2% to 3%
in unanesthetized individuals.173 With this degree of venous ad-
mixture, an inspired-oxygen concentration of about 35% will
usually restore a normal PaO2 (Fig. 5.16). Thus, the upper limit
for nitrous oxide in an oxygen–nitrous oxide mixture is com-
monly 66%, that is, a 1:2 ratio of O2/N2O. Muscle relaxants and
comparatively high doses of opioids (on an “effect,” not mil-
ligram per kilogram, basis) are commonly incorporated into the
anesthetic regimen, so IPPV is very commonly employed.5,6 The
target when ventilating anesthetized patients is usually to pro-
duce eucapnia or slight hypocapnia. This was originally done be-
cause of an apparent potentiation effect of the anesthetic dose,
but now is done primarily to prevent sympathetic stimulation
with resultant tachycardia and hypertension, both of which are
dangerous in a patient population prone to atherosclerotic dis-
ease. Eucapnia also minimizes the risk of increased intracranial
or intraocular pressure, which is especially important in trauma
patients, the elderly, or those with ocular and/or central nervous
system disease.

Some form of airway protection (oropharyngeal or endotra-
cheal tube) is almost always used, and continuous monitoring of
airway pressure is employed to ensure that there is no inadvertent
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Fig. 5.21. Arterial oxygen tension (arterial oxygen partial pressure
[PaO2], mean ± SEM) in an awake standing horse (FIO2 = 0.21), and
during anesthesia in the lateral (Lat.) and dorsal recumbent positions
(FIO2 > 0.92). SB, spontaneous breathing; MV, general mechanical
ventilation; SV, selective mechanical ventilation of dependent lung re-
gions with positive end-expiratory pressure (PEEP) of 20 cm H2O; *,
significantly different from awake value; #, significantly different from
the previous value. Reproduced from Nyman et al.,162 with permission.



disconnection from the anesthetic circuit of a paralyzed patient
that cannot breathe spontaneously. Continuous end-tidal CO2 and
hemoglobin-saturation monitoring is now widely employed,
using capnography and noninvasive pulse oximetry, respec-
tively.174 The reasons for the increased use of these monitoring
devices are that the equipment is now cost-effective and user-
friendly, provides medicolegal protection, and provides an early
warning system of cardiorespiratory failure that decreases the
mortality rate associated with general anesthesia.175,176

Over the past decade in the field of human anesthesia, there
has been considerable interest in the relationship between vari-
able oxygen mixtures used for preoxygenation and during anes-
thesia and the development of atelectasis in the lung.177,178 The
usefulness of PEEP and/or forced vital capacity maneuvers
(sighs or purposeful expansion of the lung) are being evaluated
and debated in terms of the effect on the circulation of compro-
mised patients, efficacy, and duration of effect.179–183 The appli-
cability of these findings is likely to vary among species, espe-
cially those that differ markedly in body mass from humans, or
with increased communication (e.g., dogs) or decreased commu-
nication (e.g., ruminants) between alveoli through alveolar ducts
or pores of Kohn.125 In particular, it would be of great interest to
know the highest FIO2 possible to administer during general
anesthesia in cattle and horses without contributing to additional
atelectasis beyond that produced by positional related changes in
FRC.

Dogs and Cats
In reasonably healthy dogs and cats, the P(A-a)O2 gradient and the
degree of venous admixture are less than in humans. Perhaps this
is owing to the smaller lungs in these species or to the difference
in the chest wall changes during anesthesia,120 or perhaps be-
cause there is excellent collateral pulmonary ventilation in these
species.125 A high degree of collateral ventilation means that if
an alveolus is not ventilated via the airway, it may well receive
gas exchange through passages (pores of Kohn) leading to other
alveoli that are ventilated.

Despite the relatively favorable situation in regard to V/Q mis-
match in these species, a minimum inspired-oxygen level of 30%
to 35% is still recommended. For the first few minutes after a bar-
biturate induction, PaO2 may be as low as 50 mm Hg in nonven-
tilated healthy dogs,184 with less change in cats.185 The degree of
hypoxemia is somewhat less after a ketamine induction, but ve-
nous admixture still may be 20% to 25% for a few minutes after
induction.92,93 Obese, deeply anesthetized animals, animals with
a distended abdomen (e.g., pregnancy or bowel obstruction), or
those with pulmonary disease or space-occupying lesions of the
thorax (tumor, pneumothorax, hemothorax, or diaphragmatic her-
nia) are particularly at risk. Oxygen supplementation is needed
nearly as much in deeply sedated animals as in those receiving a
general anesthetic (intravenous or inhalant). As can be seen in Fig.
5.22, increasing the inspired-oxygen level also provides protec-
tion against hypoxemia caused by hypoventilation and, again, ad-
equate protection is generally achieved with a venous admixture
of 30% to 35%. This is why simple maneuvers such as placing a
face mask with oxygen on a high-risk patient before and during
induction or use of a nasal oxygen catheter in the postoperative
period are beneficial.

When 100% oxygen mixtures are used with the common in-
halant anesthetics in dogs and cats free of serious cardiopul-
monary disease, the arterial PaO2 level is generally 450 to 525
mm Hg whether the animal is breathing spontaneously or being
ventilated58,70,186,187 and irrespective of body position. With such
high inspired-oxygen levels, hypoxemia usually occurs only
through disconnection of the animal from the anesthetic ma-
chine, or with faulty placement of the endotracheal tube, cardiac
arrest, or total apnea for over 5 min. Nevertheless, even with such
high PaO2 levels, tissue hypoxia can occur if hemoglobin levels
are low or circulation is inadequate (low cardiac output).

The decision to institute assisted or controlled IPPV is gener-
ally made to prevent or treat hypercapnia, rather than to achieve
oxygenation. Nearly all spontaneously breathing dogs and cats
show some degree of hypoventilation and hypercapnia (PaCO2 of
45 to 55 mm Hg). The clinical importance of this in nonneuro-
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Fig. 5.22. Protective effect of increased inspired-oxygen
concentrations with various degrees of alveolar hypoventila-
tion and hyperventilation. With 30% inspired oxygen, alveolar
partial pressure of oxygen (alveolar PO2) levels are above 100
mm Hg even when alveolar ventilation is half normal. Modified
from Nunn (p. 111),207 with permission.
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logical cases is open to debate. Dogs and cats do not have ather-
osclerosis, and over the years hundreds of thousands of dogs and
cats have been successfully anesthetized in practice while breath-
ing spontaneously. From a practical viewpoint, with short-
duration anesthetics (anesthesia of less than 1 h) in relatively
healthy animals, the important aspects are to ensure that the air-
way is patent, that the animal is oxygenated, and that the animal
does not become apneic; the development of moderate levels of
hypercapnia is likely to be well tolerated. The need for IPPV in-
creases as the depth of anesthesia has to be increased for certain
types of surgery (e.g., hip replacement) unless local supplemen-
tation is used (e.g., epidural opioid or local anesthetic). It also in-
creases when opioids are used as a major component of the anes-
thetic regimen; for obese, neonate, geriatric, or neurological
patients; with certain body positions (e.g., perineal hernia repair
or dorsal laminectomy); with prolonged operations; or when
dealing with poor-risk patients.

Here are a few guidelines relative to the respiratory component
of anesthesia for dogs and cats:

1. Nearly all canine anesthetics are better done with an endo-
tracheal tube in place, and in many situations cats should be in-
tubated.

2. Use at least 30% to 35% inspired oxygen in all anesthetized
dogs and cats, even those on an injectable anesthetic mixture, or
when deeply sedated.

3. Hypoxemia is rare in spontaneously breathing dogs and cats
if breathing an oxygen mixture approaching 100%.

4. After a prolonged period of anesthesia in cats and smaller
dogs, and with shorter anesthetics in larger dogs with deep
chests, it is advisable to inflate the lungs to 30 cm H2O of airway
pressure (i.e., to “sigh” the lungs) periodically and at the end of
anesthesia.

5. Prolonged immobility and excessive fluid administration
can lead to increased venous admixture and a fall in PaO2 in ad-
dition to that produced by anesthesia per se.188

Small Ruminants and Swine
Ruminants are especially prone to develop regurgitation and as-
piration, along with tachypnea and hypoventilation, during gen-
eral anesthesia.64,65 For shorter procedures (45 to 60 min) hy-
poventilation and hypercapnia often may be safely ignored if an
adequate oxygen supply is maintained. Sedation and local anal-
gesia techniques are often used for anesthesia as a means of
maintaining a secure airway and adequate respiration.189 During
clinical anesthesia in pigs, especially if a barbiturate is used in a
field situation, particular care must be taken to ensure that the air-
way is patent and that apnea does not occur.

The degree of ventilation-perfusion mismatch and venous ad-
mixture is intermediate in these animals, and of such a magnitude
that virtually all anesthetized animals breathing room air will
have PaO2 levels somewhat below normal. In dorsally recum-
bent, ventilated sheep anesthetized with pentobarbital-halothane,
atelectasis of the dependent lung regions developed quite
quickly.190 The magnitude of this atelectasis was much less than
the same group of researchers observed in ponies.157 Pulmonary

disease is not uncommon in small ruminants and swine, and will
lead to V/Q mismatch in addition to that induced by anesthesia,
lowering PaO2 levels further. Abdominal distension caused by
the development of rumenal tympany or, in the case of swine, a
full stomach will add to the degree of pulmonary dysfunction.

During inhalation anesthesia with 100% oxygen, PaO2 is usu-
ally in the range of 200 to 350 mm Hg—well within safe lim-
its.72,191 In spontaneously breathing sheep, changes in body po-
sition (dorsal and left and right lateral) do not seem to alter the
PaO2 appreciably, and the P(A-a)O2 gradient is rather constant
when the sheep are sighed every 3 to 5 min.191 Clinical experi-
ence would suggest the situation is similar in goats and pigs. The
following are guidelines for respiratory management during
anesthesia:

1. General anesthesia in sheep, goats, and calves with a devel-
oped rumen (i.e., by 2 to 4 weeks) requires placement of an en-
dotracheal tube if protection against regurgitation and aspiration
is to be ensured. This is best done for all but the shortest and
lightest anesthetics.

2. Endotracheal intubation is not advised for swine unless the
operation is complex or prolonged, or the operator is skilled with
the technique.

3. During intravenous anesthesia of more compromised ani-
mals, application of a face mask or insertion of a nasal or tracheal
oxygen catheter and insufflation of 2 to 5 L oxygen/min will help
to ensure that hypoxemia does not occur.

4. Ketamine-based anesthesia is less likely to lead to apnea or
severe respiratory depression than is propofol or barbiturate
anesthesia.

5. Prolonged inhalation anesthesia (longer than 45 to 60 min)
may require IPPV to prevent hypercapnia and may be required to
maintain a stable plane of anesthesia because of the tachypneic
breathing pattern.

6. Mild to moderate hypercapnia is well tolerated, and serious
hypoxemia is rare if inhalation anesthesia with 100% oxygen is
used.

7. The combination of progressive abdominal tympany (even
in animals starved for up to 24 h) and the rapid, shallow respira-
tion tend to produce a progressive increase in P(A-a)O2 gradients.
Periodic sighing of the lungs (every 10 to 15 min) by inflating
them to 30 cm H2O seems to minimize the progressive increase
in venous admixture and is particularly advisable at the end of an
operation before extubation and return to a room-air environ-
ment. Placement in sternal recumbency during recovery benefits
pulmonary function and, in the case of ruminants, helps to pro-
tect against regurgitation and aspiration.

Adult Cattle and Horses
Adult cattle172,192 and horses1,2,139,193 develop very significant
increases in P(A-a)O2 gradients and venous admixture when they
are anesthetized and become recumbent. On the basis of in-
spired-oxygen concentration and PaO2 levels, it can be calculated
that spontaneously breathing halothane-anesthetized horses have
pulmonary-shunt flows of 20% to 25%, with a reduction to about
15% in ventilated horses.194 These were healthy horses, posi-
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tioned in lateral recumbency and subjected to no surgery. Over
the intervening 25 years, others have reported PaO2 levels and
P(A-a)O2 gradients from many studies in other healthy horses that
are reflective of pulmonary-shunt flows of at least the same mag-
nitude.157,195–198 The degree of V/Q mismatch is greater in dor-
sal than in lateral recumbency,195,198–201 in larger horses, and
perhaps in older horses.195 Researchers have consistently noted
that the actual variability between PaO2 levels in similar horses
receiving similar anesthetics is quite large (Fig. 5.23).196 The
reasons for this variability are not clear, but probably relate to

body conformation and perhaps the level of abdominal distension
caused by obesity, gas distension, or ingesta in the large bowel.
The P(A-a)O2 gradient in healthy starved animals does not gen-
erally increase over time,196,200 but the PaO2 will fall progres-
sively if the degree of abdominal distension increases. This was
clearly illustrated in an interesting study of fed and nonfed cows,
where the failure to starve the cows before the general anesthetic
led to a progressive increase in P(A-a)O2 and pulmonary resist-
ance, and a decrease in PaO2 and dynamic compliance (Figs.
5.24A and B).172
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Fig. 5.23. Arterial oxygen partial pressure
(PaO2) values in ten spontaneously breath-
ing, normal horses anesthetized with halo-
thane over 5 h in lateral recumbency. Note
the wide variability in the PaO2 levels be-
tween horses and the relative stability of the
value for an individual horse over time. The
horses were starved overnight before the
onset of anesthesia. Reproduced from
Steffey et al.,196 with permission.

Fig. 5.24. Change in arterial carbon dioxide partial pressure (PaCO2) (A) and arterial oxygen partial pressure (PaO2) (B) levels in spontaneously
breathing cows with and without prior starvation. Note the greater degree of hypercapnia in the fed animals and the progressively lower PaO2.
This change was accompanied by an increase in the alveolar-to-arterial gradient (P(A-a)O2), an increase in airway resistance, and a decrease in
compliance. These changes were probably associated with a decrease in lung volume from the development of abdominal tympany.
Reproduced from Blaze et al.172 with permission.
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When an anesthetized horse (usually during colic surgery or
cesarean section) inhales 100% oxygen and has a resultant PaO2
value of less than 70 mm Hg, it is clear from Fig. 5.16 that over
50% of the cardiac output is being shunted through the lungs
without contributing to gas exchange. Although adult cattle also
demonstrate fairly large P(A-a)O2 gradients during inhalational
anesthesia, serious hypoxemia seems to be confined to very large
animals, especially if they must be positioned in dorsal recum-
bency. Chronic pulmonary disease and lung consolidation are
relatively common in cattle as an aftermath of juvenile respira-
tory disease. It is surprising that such animals do not demonstrate
large increases in P(A-a)O2 levels during inhalant anesthesia, per-
haps because pulmonary blood flow is also decreased in the non-
ventilated lung areas.

When adult cattle are positioned in dorsal recumbency by
using rope restraint, with or without sedation, some of them be-
come quite hypoxemic.117,118 Horses anesthetized with the com-
mon injectable mixtures for brief field anesthesia also commonly
have PaO2 levels in the 55- to 65-mm Hg range.202 Admittedly,
the vast majority of animals so anesthetized survive with no ob-
vious adverse after effects. This is more a credit to the inherent
safety reserve that the animals have relative to oxygen supply and
to the underlying good health status of most patients than to the
anesthetic regimens per se. Nasal or nasotracheal oxygen insuf-
flation (15 L/min) markedly improves the safety factor in re-
straining and anesthetizing such animals, and is always desirable
if circumstances permit such treatment. Some guidelines relative
to respiratory support of anesthetized adult cattle and horses in-
clude the following:

1. General anesthesia requires endotracheal intubation in adult
cattle because the risk of regurgitation and aspiration is high,
even with prior starvation. There is some risk of regurgitation and
aspiration when cattle are restrained in a recumbent position with
sedatives, including xylazine. The incidence of regurgitation,
however, is fairly low, and routine intubation of nonanesthetized
cattle is not practical.

2. Longer anesthesia in horses is better performed with an endo-
tracheal tube in place, and this also facilitates oxygen insufflation.

3. Oxygen insufflation with 15 L/min, especially if the tip of
the oxygen catheter tube is placed in the trachea, will usually pre-
vent any serious hypoxia in relatively healthy horses and cattle
during general anesthesia or recovery. This flow rate down the
trachea will even maintain sufficient oxygenation to keep apneic
animals alive for at least 10 min.193

4. If oxygen supplementation is not possible, adult cattle and
horses are better positioned in lateral than in dorsal recumbency
(if the surgery permits the choice).

5. When preoperative starvation can be used, it is desirable, be-
cause it improves ventilation and oxygenation after the induction
of anesthesia.

6. Nitrous oxide use is generally not advisable for cattle or in
dorsally recumbent horses and, if used to supplement analgesia
for orthopedic surgery in laterally recumbent horses, should not
exceed an inspired concentration of 50% (e.g., 4 L of oxygen per
4 L of nitrous oxide).203

7. Inhalant general anesthetics lasting longer than 45 min in cat-
tle almost always require IPPV to prevent excessive PaCO2
elevations. In horses, operations lasting over 1 or 2 h will generally
need IPPV if the need has not developed earlier. It should be ap-
preciated that in dorsally recumbent horses breathing sponta-
neously, arterial hypoxemia is not always improved with initiation
of IPPV, which may actually decrease PaO2 and seriously decrease
oxygen delivery to tissues.204 Moderate increases in PaCO2 levels
may actually produce useful hemodynamic stimulation without
apparent adverse effects and seem to be well tolerated.205

8. Treatment of low PaO2 levels with high levels of PEEP (20
to 30 cm H2O) is feasible if the blood volume is adequate and in-
otropic support is used.141,155 Although differential lung ventila-
tion with PEEP reduces hypoxemia experimentally,161,162 it is
hard to see how this can be used clinically on those animals that
actually need treating.

9. Periodic sighing of the lungs in adult cattle and horses prob-
ably does no harm, nor does it probably do much good. Full infla-
tion of the lungs after the abdomen has been decompressed surgi-
cally, or when animals are positioned in sternal recumbency in
recovery, can be quite useful in restoring adequate PaO2 levels.

Exotic Species
It is very difficult to generalize how best to optimize respiratory
function during anesthesia for the diverse range of exotic ani-
mals. Even if not used routinely, supplemental oxygenation and
the means to establish an airway should be available, if at all pos-
sible. Chemical stimulation of respiration (e.g., with doxapram)
or the availability of receptor-specific antagonist drugs can be
lifesaving in the case of an inadvertent anesthetic overdose.
Respiration is generally better supported with dissociatives than
with propofol or barbiturate anesthetics. The larger the species,
the more likely recumbency and positional changes may seri-
ously interfere with cardiopulmonary homeostasis, although ex-
ceptions may exist (e.g., elephants). In general, it is desirable to
keep larger terrestrial mammals in sternal rather than lateral or
dorsal recumbency during restraint and/or anesthesia, unless
such positioning is going to lead to excessive pressure on the
limbs for a prolonged period.
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Introduction
Anesthetic and analgesic drugs alter the nervous system; there-
fore, an understanding of normal nervous system anatomy, phys-
iology, and function is important to anesthetists. Generally, the
nervous system can be separated into central and peripheral divi-
sions, although they are integrated and function together. The
central division, composed of the brain and spinal cord, contains
all of the important nuclei and is essential for integrating sensory
and motor functions. The peripheral division is composed of
nerves (including cranial nerves) and ganglia that connect the or-
gans and tissues to the central nervous system (CNS).

Functionally, the nervous system can be divided into somatic
and autonomic portions, each with efferent and afferent fibers.
The somatic afferent fibers convey three sensory modalities from
the periphery: pain, temperature, and pressure. In addition, spe-
cialized somatic afferents conduct impulses arising in the eye and
ear to provide sight and hearing. The somatic efferent fibers have
primarily motor functions and terminate in the motor end plates
of skeletal muscle.

Autonomic afferent fibers transmit encoded information from
specialized receptors in the mucous membranes and tissue of
organs stimulated by distension or ischemia or by chemical com-
pounds located in the lumen or tissues. Specialized autonomic
afferent fibers mediate the sensations of smell and taste. Auto-
nomic efferent fibers innervate glandular tissue, smooth muscle,
cardiac muscle, and the involuntary muscles of the pharynx and
larynx.

In summary, the somatic division controls superficial sensa-
tions and voluntary movement, whereas the autonomic system
maintains visceral organ function and homeostasis, including
regulation of heart rate, blood pressure, tissue perfusion, glandu-
lar secretion, peristalsis, sphincter tension, and pupil size, as well
as thermoregulation. Anesthetic and analgesic drugs can alter
function in both divisions.

Brain Anatomy
The brain is divisible into five regions based on embryological
development: telencephalon, diencephalon, mesencephalon, met-
encephalon, and myelencephalon. Grossly, it can be divided into
the cerebrum and the brain stem. The cerebrum consists of telen-
cephalic and diencephalic portions. The telencephalic portion can
be further divided into the cerebral hemispheres and basal ganglia
(also known as the basal nuclei). Together, the right and left hemi-
spheres comprise the cerebral cortex, which is organized into an
outer cortical layer of gray matter that contains a high density of
nerve cell bodies and an inner medulla of white matter consisting
mainly of myelinated nerve fibers. The basal ganglia (corpus
striatum, amygdaloid, and claustrum) are large masses of gray
matter at the base of each cerebral hemisphere. The functions of
the corpus striatum and claustrum are poorly understood, but they
appear to contribute to the extrapyramidal motor system through
inhibition of motor function and maintenance of balance between
opposing muscle groups. The amygdaloid nucleus is a component
of the olfactory and limbic systems.

The cerebral cortex is where sensory, motor, and associational
activity occurs. The white matter of the cerebrum consists of cor-
ticocortical and projection fibers. The corticocortical fibers con-
nect different functional areas located in the same hemisphere
(association fibers) and in the opposite hemisphere (commissural
fibers). Fibers connecting the cortical areas of the two hemi-
spheres cross the midline in a large commissure: the corpus cal-
losum. Projection fibers originate or terminate in the cortex and
connect it with the basal ganglia, brain stem, or spinal cord. The
fibers passing between the cortex and subcortical centers con-
verge to form a compact organized group of fibers: the internal
capsule.

The diencephalic portion of the cerebrum, which is located
below and between the cerebral hemispheres, is the central area
through which most of the information traveling into and out of
the hemispheres must traverse. It consists of the thalamus, sub-
thalamus, epithalamus, and hypothalamus, and is positioned be-
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tween the telencephalon and the brain stem. Magnetic resonance
images of the sagittal view of the canine and feline brain are
shown in Figs. 6.1 and 6.2. The thalamus receives fibers from all
sensory systems except olfactory and projects to sensory areas of
the cerebral cortex. Evolutionarily and developmentally, the cere-
bral cortex is an outgrowth of the lower centers, especially the
thalamus. As a result, for each area of the cortex, there is a
smaller corresponding area within the thalamus. Thalamic nuclei
participate in neural circuits related to emotional aspects of brain
function (limbic system), are part of the ascending reticular acti-
vating system, and are incorporated into motor pathways from
the cerebellum and corpus striatum to the motor cortex.

The subthalamus is comprised of a motor nucleus, sensory
tracts that terminate in the thalamus, and tracts that project from
the cerebellum and corpus striatum to the thalamus. The epithal-
amus is composed of the pineal gland and tracts mediating auto-
nomic responses to olfactory and emotional changes. The hy-
pothalamus is the primary center for integrative control of 
the autonomic nervous system. Parasympathetic responses—
including slowing of the heart rate, vasodilation, decreased blood
pressure, salivation, increased gastrointestinal peristalsis, con-
traction of the urinary bladder, and sweating—are elicited by
stimulation of the anterior hypothalamus. Stimulation of the pos-
terior and lateral hypothalamus elicits sympathetic responses,
including increased heart rate and blood pressure, cessation of
gastrointestinal peristalsis, dilation of the pupils, and hypergly-
cemia. The hypothalamus plays a major role in maintaining
homeostasis through control of temperature, thirst, and appetite.
Nervous system control of the endocrine system is via the hypo-
thalamic neurohypophyseal hormones. One exception is the ad-
renal medulla, which is regulated by direct nervous system con-
nections (i.e., the preganglionic sympathetic fibers).

The brain stem is comprised of the portion of the brain caudal
to the telencephalon excluding the cerebellum (e.g., the mid-

brain, pons, and medulla oblongata) (Figs. 6.1 and 6.2). The mid-
brain contains sensory and motor pathways, the nuclei of the
third and fourth cranial nerves (oculomotor and trochlear), and
two major motor nuclei: the red nucleus and the substantia nigra.
The dorsal part of the midbrain is primarily involved with audi-
tory function and visual reflex movements of the eyes and head.
The cerebellum is connected to the midbrain by the superior
cerebellar peduncles.

The pons consists of two distinct parts. The dorsal portion, like
the rest of the brain stem, has both sensory and motor tracts. In
addition, the dorsal pons contains nuclei associated with the fifth,
sixth, seventh, and eighth cranial nerves (trigeminal, abducens,
facial, and vestibulocochlear). The ventral pons functions as a
large synaptic region, providing a connection between the cere-
bral motor cortex and the contralateral cerebellar hemisphere via
the middle cerebellar peduncles.

Caudal to the pons is the medulla oblongata, and posterior to
it is the spinal cord. In addition to nerve tracts, the medulla con-
tains vital nerve centers that regulate respiration and circulation.
Four pairs of cranial nerves connect to it: the glossopharyngeal
(ninth), vagus (tenth), spinal accessory (eleventh), and hypoglos-
sal (twelfth). The cerebellum is connected to the medulla by the
inferior cerebellar peduncles.

The cerebellum, which lies dorsal to the brain stem, is formed
by two hemispheres separated by a central portion: the vermis.
The cerebellum receives input from the sensory systems and the
cerebral cortex. The cerebellum modulates muscle tone in rela-
tion to equilibrium, locomotion, posture, and nonstereotyped
movements based on experience. It is chiefly involved with mus-
cular coordination.

Brain Physiology
The energy-consuming processes of the brain are divided into
those of neuroprocessing and maintenance of cellular integrity.
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Fig. 6.1. Magnetic resonance image sagittal view of a canine brain
and spinal cord. Lat. Vent., lateral ventricle; Ceb. Cortex, cerebral
cortex; Dienceph., diencephalon; and Medulla Obl., medulla oblon-
gata. Image courtesy of Igor Kuriashkin.

Fig. 6.2. Magnetic resonance image sagittal view of a feline brain
and spinal cord. n., nerve. Image courtesy of Igor Kuriashkin.



Oxygen requirements for the conscious, healthy canine brain are
approximately 5.5 mL · 100 g�1 · min�1, with 60% needed for
neuroprocessing and 40% for maintenance of brain cell in-
tegrity.1 If cardiovascular function is normal, adequate oxygen
delivery and normal electroencephalogram (EEG) function is ex-
pected with a PaO2 of approximately 100 mm Hg and cerebral
blood flow (CBF) of 50 mL · 100 g�1 · min�1. Irreversible cere-
bral tissue damage is likely when PaO2 drops below 20 to 23 mm
Hg and CBF below 10 mL · 100 g�1 · min�1.1 In humans, nor-
mal function of the awake brain requires approximately 3.5 mL
O2 · 100 g�1 · min�1, or a total of about 50 mL · min�1 extracted
from an average normal CBF of 57 mL · 100 g�1 · min�1. In the
awake state, most of the brain’s cellular energy stores are de-
pleted within 2 to 4 min after oxygen delivery is interrupted.
During the anoxic period, cellular lactate concentrations can in-
crease three- to fivefold. Anesthesia, hypothermia, or brain injury
can alter cerebral metabolic requirements for oxygen (CMRO2)
and must be considered when interpreting the adequacy of mon-
itored cardiopulmonary parameters during anesthesia.

The mature brain in nonfasted animals uses oxidative metabo-
lism of glucose as the primary source of energy. Under normal
conditions, 95% of the glucose is metabolized by oxidative phos-
phorylation. The remaining 5% is metabolized by anaerobic
pathways to lactate. Inadequate or marginal oxygen delivery to
the brain will cause a rapid increase in anaerobic metabolism re-
flected by increased glucose consumption and lactate produc-
tion.1 Approximately 70 mg · min�1 of glucose are required for
the adult human brain. Normal metabolism requires 5.5 mmol of
oxygen for each millimole of glucose. The effects of analgesics
and anesthetics on cerebral metabolism, CBF, and CMRO2 are
critical factors in producing safe reversible depression of the
CNS in healthy and diseased animals.

Effects of Anesthetics on Brain Physiology
Anesthetic management of patients undergoing surgery on the
nervous system requires that CBF be maintained at a level suffi-
cient to meet the brain’s metabolic demands. Autoregulation en-
ables maintenance of a constant CBF over a wide range of sys-
temic blood pressures. Autoregulation is not immediate; when
systemic blood pressure changes, it takes about 2 min for CBF to
return to normal.2 There have been many studies on the effects of
anesthetics on CBF and autoregulation, and the results have
sometimes been confusing. All potent inhaled anesthetics tend to
decrease cerebral metabolism and increase CBF and intracranial
pressure (ICP), but vary in degree. Hyperventilation may prevent
or reduce the increase in CBF and ICP associated with halothane
or enflurane anesthesia, but only if instituted prior to induction.
By comparison, hyperventilation may be effective in reversing
the increase in CBF and ICP associated with isoflurane anesthe-
sia, even if instituted after induction. For several years, isoflurane
has been the preferred inhalant for use in neurological patients,
because it apparently has the least negative effect on ICP and
cerebral blood volume.3 Sevoflurane seems to compare favorably
with isoflurane in maintaining satisfactory CBF and cerebral per-
fusion pressure, with minimal to no change in ICP.4 It is thought
that desflurane also is similar to isoflurane in its effects on CBF,

cerebral metabolism, and responsivity to carbon dioxide, in both
normal patients and those with intracranial masses. The effects of
desflurane on ICP are less clear: Low doses (0.5 minimum alve-
olar concentration [MAC]) do not seem to change ICP, whereas
higher doses (1.0 MAC) have been associated with increased ICP
in some patients.5 A study of pigs anesthetized at 0.5 and 1.0
MAC desflurane, isoflurane, or sevoflurane indicated that the
three anesthetics did not differ much in their cerebral vasodilat-
ing effects at the lower dose, but, at the higher dose, desflurane
induced more cerebral vasodilation than did the other two anes-
thetics.6 The use of sevoflurane and desflurane, being less solu-
ble in blood than isoflurane, may be somewhat advantageous in
that rapid recovery from anesthesia may facilitate early neurolog-
ical assessment after diagnostic or surgical procedures.

Cranial Nerves
These consist of a peripheral segment, a nuclear center in the
brain stem (except olfactory and optic nerves), and communicat-
ing connections with other parts of the brain (Fig. 6.3). All 12
cranial nerves are paired. Functionally, cranial nerves can be di-
vided into motor (efferent), sensory (afferent), and mixed.
Sensory and motor cranial nerves are associated with at least one
nuclei, and mixed cranial nerves are associated with at least two
nuclei (Table 6.1).

The olfactory, optic, and vestibulocochlear nerves serve the
senses of smell, sight, and hearing and balance respectively. The
oculomotor nerve innervates most muscles of the eye: dorsal,
medial, and ventral rectus muscles; ventral oblique; levator
palpebrae superioris; ciliary muscle; and the sphincter pupillae.
The trochlear nerve innervates the dorsal oblique muscle of the
eye, and the abducens nerve supplies the lateral rectus and retrac-
tor oculi muscles. Like most cranial nerves, the spinal accessory
nerve arises from the medulla, but it also has fibers from all seven
cervical nerves that course cranially to combine with the
medullary roots. The spinal accessory nerve contributes fibers to
the vagus nerve before coursing caudally to innervate the mus-
cles of the neck and shoulder. The hypoglossal nerve innervates
the muscles of the pharynx and the larynx, and the intrinsic mus-
cles of the tongue.

The trigeminal nerve carries sensory information from most of
the rostral structures and surfaces of the head and motor impulses
to the muscles of mastication. It has three main branches: the
ophthalmic, maxillary, and mandibular nerves. The ophthalmic is
sensory to skin of the forehead, the eyeball (corneal and palpe-
bral reflexes), and the skin of the lower eyelid. The maxillary is
sensory to the skin of the muzzle, nose, and upper lip; the mu-
cous membranes of the nose, nasopharynx, the hard and soft
palate, and the teeth of the upper jaw. The mandibular branch
supplies sensation to the lower part of the face, side of the head,
lower lip, and teeth, ear, and tongue, and is motor to the muscles
of mastication.

The facial nerve is motor to all the cutaneous muscles of the
face, lips, nose, cheeks, ears, and ventral neck, and to the sub-
mandibular and sublingual salivary glands and the lacrimal
gland. It is sensory to the taste buds and to the skin of the exter-
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nal ear. The glossopharyngeal nerve is motor to the stylopharyn-
geus muscle and to the parotid and zygomatic salivary glands. It
is sensory to the pharynx, tonsil, tongue (touch, temperature,
pain, and taste), carotid bodies, and sinuses (chemoreceptors and
baroreceptors).

The vagus nerve innervates organs and muscles in the neck,
thorax, and abdomen. Long preganglionic parasympathetic fibers
are supplied to the heart and to the smooth muscles and glands of
the thorax and abdominal viscera. Motor innervation is also sup-
plied to the pharynx, cricothyroideus muscle of the larynx, intrin-
sic muscles of the larynx, and striated muscle of the esophagus.
The sensory fibers of the vagus nerve innervate the base of the
tongue (touch, temperature, pain, and taste), pharynx, esophagus,
stomach, intestines, larynx, trachea, bronchi, lungs, heart, aortic
baroreceptors, and other viscera.

Spinal Cord
Caudal to the medulla, the CNS continues as the spinal cord,
which is contained in the spinal canal. The spinal cord is a com-
plex collection of fibers organized into ascending and descending
tracts, interneurons, neuron-supporting cells, blood vessels, and

connective tissue. The cord is surrounded by the meninges,
which support and protect it. From superficial to deep, they are
the dura mater, arachnoid, and pia mater (Fig. 6.4).

The spinal cord is segmental in that it has paired spinal nerves
that enter and leave it at each intervertebral space. The spinal
nerves divide inside the vertebral canal: afferent fibers enter the
cord via the dorsal root, and efferent fibers leave as the ventral
motor root (Bell-Magendie law). In the fetus, all spinal nerves
exit at right angles to the spinal cord. In the adult, however,
owing to differential growth rates between the spinal cord and the
bony vertebral canal, the nerves must run posteriorly to reach
their respective intervertebral foramina. The cauda equina is
composed of descending spinal nerves caudal to the termination
of the cord (Fig. 6.5). In dogs, the cord and associated subarach-
noid structures usually terminate at the level of L6-L7; in horses,
ruminants, and swine, the cord terminates in the midsacrum; and,
in cats, the cord terminates variably between L6 and the sacrum.
Inadvertent subarachnoid administration of anesthetic or anal-
gesic drugs is more likely in these noncanine species when the
needle is inserted at the lumbosacral space.

The spinal cord has an H-shaped central core of gray matter
containing nerve cell bodies. The gray matter functions as the ini-
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Fig. 6.3. Ventral view of a canine brain
and cranial nerves. From Jenkins.40

Table 6.1. Sensory, motor, and mixed cranial nerves

Afferent Nerves Efferent Nerves Mixed Nerves

1. Olfactory 03. Oculomotor 05. Trigeminal
2. Optic 04. Trochlear 07. Facial
8. Vestibulocochlear 06. Abducens 09. Glossopharyngeal

11. Spinal accessory 10. Vagus
12. Hypoglossal



tial site for processing of incoming sensory information and as a
relay for transmission of these signals to the brain. It also serves
as the final site for processing descending motor impulses from
the brain to the skeletal muscles. The gray matter can be divided
into dorsal, ventral, and lateral horns. The dorsal horn is the
“gate” through which impulses in sensory nerve fibers are passed
or blocked before initiating impulses in ascending tracts. Ac-
cording to the gate control theory of pain, incoming sensory in-
formation as well as descending modulating signals can control
the gate, thus modulating incoming afferent information.7 The
lateral horns of the thoracolumbar segments contain the cell bod-
ies of the preganglionic sympathetic nerves. The ventral horn of
the gray matter contains the alpha and gamma motor neurons,
which leave the cord via the ventral nerve roots to innervate the
skeletal muscles.

There are three types of cells in the gray matter. Internuncial
cells, which are the smallest, are most prevalent in the dorsal and
intermediate zones. Internuncial cells receive afferents from dor-
sal root fibers and fibers in descending tracts of the white matter.
Axons of internuncial cells terminate on motor and tract cell bod-
ies and modulate their activity by releasing inhibitory or excita-
tory neurotransmitters. Motor nerve cell bodies are found in the
ventral horn and consist of alpha and gamma motor neurons.
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Fig. 6.4. Transverse section of spinal cord
within the vertebral canal. Note the adipose
tissue and blood vessels in the epidural
space. From Jenkins.40

Fig. 6.5. Dorsal view of the
cauda equina, composed of
the filum terminale and caudal
nerve roots. From Jenkins.40



Axons of tract cells constitute the ascending fasciculi of the lat-
eral and ventral white columns. Tract cells (transmitter cells) are
located primarily in the dorsal and intermediate zones of the gray
matter. Cells of the lateral horn and the sacral autonomic nucleus
are preganglionic neurons of the sympathetic and parasympa-
thetic systems, respectively.

In contrast to the brain, spinal cord gray matter is surrounded
by white matter, which is comprised of myelinated axons of in-
termediate longitudinally running nerve fibers. This outer white
matter is divided into three major columns: dorsal, lateral, and
ventral. Within these columns are ascending and descending
tracts. The nerve fibers of the white matter are organized into as-
cending afferent tracts that convey sensory information to the
brain and descending efferent tracts that convey impulses to pe-
ripheral effector organs. The spinal cord also contains nerves that
subserve important spinal reflexes. Afferent fibers arriving at the
cord through the dorsal nerve roots carry sensory impulses,
which can initiate spinal reflexes and/or be transmitted to the
brain stem and cerebellum, where they enter various pathways.

Efferent fibers, originating within the ventral horn of the cord,
transmit motor impulses from higher centers or from reflex cen-
ters within the cord to muscles and glands. Ascending and de-
scending tracts within the cord connect the higher centers and the
various cord segments with one another. For a more complete de-
scription of the spinal tracts in dogs, readers are referred to the
work by Hoerlein.8

Similar to the brain, the meninges (dura mater, arachnoidea,
and pia mater) surround the spinal cord (Fig. 6.4). Various spaces
are associated with the meninges and are important in under-
standing spinal anesthesia and its nomenclature. The dura mater
has two layers within the cranial vault: an inner or visceral layer
and an outer layer adherent to the cranial periosteum. The inner
or visceral layer invests the spinal cord and ventral and dorsal
nerve roots; the outer layer is absent in the vertebral canal of
some species. The epidural (also referred to as the extradural or
peridural) space is that space within the spinal canal outside the
visceral layer of the dura mater. In those species having both lay-
ers of dura, “epidural” drug administration is actually into the in-
tradural space. The dura mater adheres to the periosteum of the
foramen magnum, thereby preventing communication between
the cranial and vertebral epidural spaces. The epidural space is
not an empty cavitary space, but instead contains blood vessels,
lymphatics, and epidural fat, and communicates with the paraver-
tebral tissues via the intervertebral foramina. This communica-
tion may be interrupted in older animals by fibrous connective
tissue and bony malformations associated with spinal arthritis,
and in obese patients by fat. This is of clinical significance be-
cause epidural injection volumes are often reduced in older or
obese animals to prevent excessive cranial spread of drugs.

The subarachnoid space is located between the arachnoidea
and pia mater. The subarachnoid space contains cerebrospinal
fluid (CSF) and is continuous between the cranial and vertebral
segments. There is no direct communication between the
epidural and subarachnoid spaces; however, drugs (especially
lipophilic drugs) can diffuse across the arachnoidea and enter the
CSF after epidural administration. The pia mater, which is one

cell layer thick, lies directly on the brain and spinal cord. The pia
probably does not present a significant barrier to drug diffusion.
The meninges cover the dorsal and ventral spinal nerve roots
until they fuse, at which point they merge with the spinal nerve
and extend no farther peripherally.

Cerebrospinal Fluid and Intracranial
Pressure
Within the calvarium, CSF is found in both an internal (ventric-
ular) system and an external (subarachnoid) system. The internal
system consists of the bilaterally symmetrical lateral ventricles
within the cerebral hemispheres, the third ventricle medially be-
tween the thalamus and hypothalamus, and the fourth ventricle,
lying beneath the cerebellum and within the medulla (Figs. 6.6
and 6.7). CSF is produced by the choroid plexus, a fringelike fold
of pia mater found on the floor of both lateral ventricles, in the
fourth ventricle, and also by the ependymal lining of the ventric-
les.8 Figure 6.8 depicts a magnetic resonance image of a choroid
plexus tumor following contrast intensification in the area of the
third ventricle. CSF is formed from the blood by secretory and
filtration processes. Fluid in the lateral ventricles empties into the
third ventricle through the paired foramina of Monro. The third
ventricle, in turn, empties into the fourth through the aqueduct of
Sylvius. The central canal of the spinal cord is continuous with
the fourth ventricle. The external or subarachnoid system over-
lies the brain and spinal cord. The bilateral foramina of Luschka
enable fluid to pass between the ventricular and subarachnoid
systems. In most primates, the unpaired foramen of Magendie is
present and enables an additional connection between the fourth
ventricle and the subarachnoid space. The foramen of Magendie
is not found in most common veterinary species.

CSF is absorbed at the arachnoid villi located primarily in the
subdural venous sinuses. The arachnoid villi are fingerlike pro-
jections of the arachnoidal membrane that penetrate the venous
sinuses. Their endothelium is porous and highly permeable, al-
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Fig. 6.6. Circulation of cerebrospinal fluid in the human and subhu-
man primates. Nonprimate mammals do not have the foramen of
Magendie. From Stoelting.41
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lowing free passage of water, electrolytes, proteins, and even red
blood cells.

CSF cushions the brain and spinal cord. CSF normal pressure
is approximately 10 mm Hg but can fluctuate within a narrow
range. The composition of the CSF remains different from
plasma because of the blood-brain barrier. The barrier is as much

an enzymatic and cellular transporter barrier as an anatomical
separation. The concentration of sodium is equal to that of
plasma, the concentration of chloride in the CSF is 15% greater,
and the concentration of potassium and glucose is 40% and 30%
less than in plasma, respectively. The specific gravity of CSF is
1.002 to 1.009.

The pH of CSF is closely maintained at 7.32. Carbon dioxide,
but not hydrogen ions, readily crosses the blood-brain barrier.
Bicarbonate ions are actively transported. As a result, the pH of
CSF is rapidly altered by changes in PaCO2 but not by changes
in arterial pH. The pH of CSF, not the PCO2 directly, is the major
mechanism regulating ventilation in most mammals. The choroid
plexus and the capillary membranes are highly permeable to
water, oxygen, carbon dioxide, and most lipid-soluble sub-
stances, such as anesthetics. It is only slightly permeable to elec-
trolytes, such as sodium, potassium, and chloride, and nearly im-
permeable to plasma proteins and large organic molecules. This
is clinically significant because fluid therapy in patients with
CNS disease and intracranial hypertension must not deliver free
water (which rapidly equilibrates across the blood-brain barrier)
leading to increased pressure. Instead, hypertonic saline solu-
tions, osmotic diuretics, and colloid solutions are often used to
limit fluid influx or move fluid out of the brain tissue and de-
crease ICP. Glucose is actively transported across the capillary
endothelium (blood-brain barrier) to provide a source of cellular
energy. The pia mater, which covers the brain and spinal cord,
and the ependyma, which lines the ventricles, are freely perme-
able to many substances; therefore, drugs that cannot gain access
to CNS tissues when delivered by the blood may penetrate ner-
vous tissues when administered into the subarachnoid space.

The skull forms a noncompliant chamber filled with brain
parenchyma, blood, and CSF. An increase in volume of one com-
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Fig. 6.7. Sagittal section of the canine
brain. Rost., rostral; and Teg., tegumen.
From Jenkins.40

Fig. 6.8. Postcontrast magnetic resonance image sagittal view of a
canine brain and spinal cord. Note the area of contrast intensification
in the area of the third ventricle. Imaging diagnosis was choroid
plexus tumor. Lat. Vent., lateral ventricle. Image courtesy of Igor
Kuriashkin.



ponent must be accompanied by a compensatory decrease in the
others or the ICP will increase (Monro-Kellie hypothesis).
Normal ICP is less than 15 mm Hg. As the ICP increases, blood
flow to the brain will decrease unless an increase in mean arterial
pressure occurs to maintain cerebral perfusion pressure (cerebral
perfusion pressure = mean arterial pressure � ICP). Arterial
blood pressure should always be measured in animals suspected
of having intracranial hypertension, because anesthetic-induced
decreases in mean arterial blood pressure can lead to catastrophic
cerebral ischemia even though arterial blood pressures were
maintained above acceptable levels for healthy animals (e.g.,
mean arterial pressure of 60 mm Hg). Increased cerebral or
spinal fluid pressure produces a reflex increase in heart rate and
blood pressure (Cushing’s response).9 It has been hypothesized
that the increase in CSF pressure creates ischemia of neurons,
and that this is the stimulus for increased sympathetic activity.

Drugs that reduce cerebral metabolic activity or CBF, osmotic
diuretics, hypothermia, and mechanical normoventilation or hy-
perventilation may all be used to decrease ICP. It is imperative
that anesthetic management focus on maintaining adequate cere-
bral perfusion pressure rather than on reducing CBF or ICP
alone. Administration of analgesic drugs, especially opioids,
must be carefully monitored in animals with intracranial disease,
because of their potential to increase PaCO2, which could lead to
increased CBF and ICP. Ventilatory support may be required if
respiratory depression occurs.

Peripheral Nervous System
Spinal Nerves
These supply efferent and afferent innervation to most of the
body, with the exception of the head and viscera. They also form
part of the autonomic nervous system, which controls homeo-
static functions. Spinal nerves vary in number, depending on spe-
cies. Nerves can be classified by their size and degree of myeli-
nation, which determine speed of impulse transmission. Large,
heavily myelinated fibers have the highest conduction velocities,
whereas small nonmyelinated fibers have lower conduction rates
(Table 6.2). The largest fibers, type A, are subclassified as A-
alpha, A-beta, A-gamma, and A-delta fibers. A-alpha fibers in-

nervate skeletal muscles and also subserve proprioception. A-
beta fibers normally subserve innocuous touch and pressure, but
can be involved in nervous system “windup” that can result in
hyperalgesia and/or allodynia following chronic nociceptor stim-
ulation. A-gamma fibers innervate the skeletal muscle spindles to
maintain muscle tone. A-delta fibers subserve temperature, fast
pain, and touch. Type B fibers are preganglionic autonomic
fibers. Type C fibers are small nonmyelinated fibers responsible
for postganglionic sympathetic innervation and transmission of
visceral and slow pain, touch, and temperature sensations.
Abnormal nociceptive C fiber activity causes many chronic pain
syndromes best described in humans, with diabetic neuropathy
and postherpetic neuralgia being two examples. Similar C-fiber
dysfunction is likely in a variety of chronic pain conditions in
other mammalian species.

After leaving the intervertebral foramen, each spinal nerve
divides into dorsal and ventral branches. The dorsal branches
generally supply the muscles and skin of the back, whereas the
ventral branches supply the muscles and skin of the thorax, ab-
domen, and extremities (Fig. 6.9). Branches from several spinal
nerves may combine to form plexuses such as the brachial plexus
or major nerves such as the sciatic nerve (Figs. 6.10 and 6.11). A
myotome, which is the mass of musculature innervated from one
ventral spinal nerve root, is derived from the somite of an embry-
onic segment and forms the skeletal musculature originating
from that segment. The area supplied by a single dorsal nerve
root is called a dermatome. There is considerable overlap of areas
supplied by adjacent roots. Knowledge of myotomes and der-
matomes is essential for performing a neurological examination
and performing regional anesthesia of the thorax, abdomen, and
limbs.

Branching off the spinal nerves in the thoracic and lumbar
areas are rami communicantes, which connect the spinal nerves
with a chain of ganglia lying lateral to the vertebral bodies,
termed the vertebral sympathetic ganglia.

Autonomic Nervous System
In contrast with the somatic nervous system supplying the stri-
ated muscles, the autonomic nervous system requires no con-
scious control. The autonomic nervous system is composed of
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Table 6.2. Classification of nerve fibers

Terminology Fiber Diameter Conduction Speed (m/s) 

Alpha 20 µm 120
Beta

Myelinated somatic fibers A Gamma
Delta (3–4 µm) (6–30)bpain fibers
Epsilon 2 µm 5

Myelinated visceral fibers B 3–15
(preganglionic autonomic)

Nonmyelinated somatic fibers C 0.5–2.0bpain fibers

From Wylie and Churchill-Davidson38 and Gasser.39
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the efferent and afferent nerves innervating the viscera, glands,
and other tissues required for homeostasis and the fight-or-flight
response. Its primary homeostatic role is control of circulation,
breathing, and excretion, and maintenance of body temperature.
These regulatory functions are subject to modification by input
from higher brain centers, especially as a result of reactions to
the environment.

Visceral autonomic efferent pathways consist of two neurons
rather than a single motor neuron as occurs in the somatic sys-
tem. The cell body of the first neuron is in the brain stem or
spinal cord. Its axon terminates on the cell body of the second,
located in an autonomic ganglion. The axon of the ganglion cell
terminates in the effector cell.

Autonomic visceral afferents are primarily sensory neurons
similar to those in somatic tissues, although they tend to have
wider receptive areas, leading to less ability to discriminate the
anatomic origin of the afferent signals. They elicit reflex re-
sponses in viscera and a feeling of fullness of hollow organs,
such as the stomach, large intestine, and bladder. Afferent im-
pulses contribute to feelings of well-being or malaise and trans-
mit signals from nociceptors. Specialized visceral afferents trans-
mit encoded signals that are perceived as the senses of taste and
smell. In general, visceral afferents have their cell bodies in the
sensory ganglia of the cranial and spinal nerves that include the
autonomic outflow. These neurons are of two types: physiologi-

cal afferents and pain afferents. Physiological afferents are pres-
ent in both sympathetic and parasympathetic divisions, whereas
pain afferents are almost exclusively associated with the sympa-
thetic. The most important visceral physiological afferents are
associated with the parasympathetic division and mediate cardio-
vascular, respiratory, and gastrointestinal reflexes (e.g., barore-
ceptor, chemoreceptor, Hering-Breuer, emptying of the rectum
and bladder subject to conscious control, and feelings of fullness
or hunger).

Visceral pain afferents are associated with the sympathetic di-
vision. Cell bodies are located in the thoracolumbar dorsal root
ganglia. Their peripheral processes reach the sympathetic trunk
via the white rami communicantes, run in the sympathetic trunk,
and reach the viscera through the cardiac, pulmonary, or splanch-
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Fig. 6.9. Diagram of the anatomic components of a typical spinal
nerve. br., branch. From Jenkins.40

Fig. 6.10. A medial view of the canine front limb illustrating the rel-
ative course and distribution of the major nerves to the leg. Note the
spinal nerves making up the brachial plexus, C6-7-8 and T1-2. From
Hoerlein.8
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nic nerves. Central terminations are on transmitter cells in the
substantia gelatinosa. Because the visceral pain afferents can
travel cranially or caudally within the sympathetic trunk, the
well-defined receptive fields seen with A-delta fiber–mediated
pain are absent. Visceral nociceptor stimulation usually produces
pain that is poorly localized. However, within the spinal cord, the
ascending pathway for visceral nociception coincides at least in
part with that for somatic nociception.

The hypothalamus is the primary area of the brain that controls
the autonomic nervous system. The autonomic system can be sub-
divided into the craniosacral or parasympathetic system and the
thoracolumbar or sympathetic system (Fig. 6.12). A characteristic
of the autonomic nervous system is that both divisions are con-
stantly active, resulting in a basal level of sympathetic and
parasympathetic activity. Thus, each division can increase or de-
crease its effect at a given organ to regulate function more closely.

Parasympathetic System
This system functions to conserve and restore energy. Acetyl-
choline (ACh) is the neurotransmitter at both preganglionic and
postganglionic neurons activating nicotinic receptors at the gan-
glion and usually muscarinic receptors on the effector cells. Each
preganglionic fiber synapses with one to three postganglionic
neurons, which terminate on a limited number of effector cells.
ACh is normally rapidly inactivated by acetylcholinesterase at
the synapse, resulting in a brief discharge and highly localized
activity. However, with exposure to acetylcholinesterase in-
hibitors such as organophosphates or carbamates, prolonged and
excessive parasympathetic nervous system activity ensues.
Because of this, administration of antimuscarinic agents such as
atropine prior to antagonism of competitive neuromuscular junc-
tion blockers with acetylcholinesterase-inhibiting drugs such as
neostigmine is recommended.

Preganglionic fibers of the parasympathetic system arise in
three areas: the midbrain (tectal outflow), the medulla (medullary
outflow), and the sacral spinal cord (sacral outflow) (Fig. 6.12).
These efferent fibers generally are long and synapse with one or
two postganglionic fibers in a ganglion on or within the organ
supplied. The tectal outflow originates in the Edinger-Westphal
nucleus of the third cranial nerve (oculomotor) and synapses at
the ciliary ganglion in the orbit to innervate the pupillary sphinc-
ter and ciliary muscles. The medullary outflow is comprised of
the parasympathetic components of the seventh (facial), ninth
(glossopharyngeal), and tenth (vagus) cranial nerves. The facial
nerve parasympathetic fibers synapse at the submandibular gan-
glion to supply the submaxillary and sublingual glands, and at
the pterygopalatine ganglion to innervate the lacrimal and nasal
glands. The parasympathetic fibers of the glossopharyngeal
nerve travel to the otic ganglion, where they synapse to innervate
the parotid and orbital salivary glands.

The vagus nerves contain approximately 80% of the parasym-
pathetic nerve fibers in the body. The preganglionic fibers are
long and synapse in small ganglia that lie directly on or in the
viscera of the thorax and abdomen. Efferent fibers are supplied to
the heart, lungs, esophagus, stomach, small intestine, proximal
colon, liver, gallbladder, pancreas, kidneys, and upper ureters. In
the heart, they are distributed to the sinoatrial and atrioventricu-
lar nodes and, to a lesser extent, to the atria. There are few or no
vagal parasympathetic fibers in the ventricles. In the intestinal
wall, they form the plexuses of Meissner and Auerbach. The
vagus also carries afferent fibers, arising from the nodose gan-
glion, that produce visceral reflexes but apparently not pain.

The sacral outflow originates in the second, third, and fourth
sacral segments of the spinal cord. Preganglionic fibers form the
pelvic nerves (nervi erigentes), which synapse in ganglia near the
bladder, distal colon, rectum, and sexual organs. The vagus and
pelvic nerves thus provide secretory, vasodilator, and motor
fibers for the thoracic, abdominal, and pelvic organs.

Autonomic nerve endings in the effector organ may terminate
within cells or on the cell membrane. Smooth muscle cells may
have protoplasmic bridges so that neural stimulus of one causes
many to react. No distinctive nerve ending exists comparable to
somatic nerve endings within the myoneural junction.
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Fig. 6.11. A medial view of the canine hind limb illustrating the rel-
ative course and distribution of the major nerves. Note the spinal
nerves making up the sciatic nerve. N., nerve. From Hoerlein.8
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Sympathetic System
This mediates activities that accompany expenditures of energy,
such as the fight-or-flight response. Thus, sympathetic activity is
greatest during stress or times of emergency. Sympathetic activity
in response to short-lived threats or pain is necessary for normal
responses to these external stimuli (stressors). However, long-
term stress, such as that seen with untreated pain, can lead to
pathological changes, such as impaired immune system function
and catabolic metabolism. As in the parasympathetic system, ACh
acting on nicotinic receptors is the neurotransmitter between pre-
ganglionic and postganglionic neurons. However, the neuro-
transmitter between postganglionic neurons and effector cells is
norepinephrine, which can act as an agonist at �1-, �2-, ß1-, or ß2-
adrenergic receptors. An exception is the sweat gland, whose
sympathetic terminals are cholinergic, except in horses, where
sweat glands are under ß2 control.10 In contrast to the parasympa-
thetic division, strong sympathetic stimulation produces general-
ized effects, because each preganglionic neuron synapses with 20
to 30 postganglionic neurons, each of which terminates on many
effector cells, leading to a divergence of effect. In addition, nor-
epinephrine at postganglionic synapses and epinephrine secreted
by the adrenal medulla are deactivated slowly relative to ACh.

Sympathetic preganglionic fibers arise from cells in the inter-
mediolateral columns of the first thoracic to the fourth or fifth
lumbar cord segments (canine) (Fig. 6.12). Their axons pass
through the ventral spinal roots and synapse in sympathetic gan-

glia with postganglionic nerve cells. There are three types of
sympathetic ganglia: vertebral, prevertebral, and terminal.
Vertebral ganglia are paired and lie in the lateral sympathetic
chains paralleling the vertebral column. They are connected to
one another by nerve trunks and to the spinal cord and spinal
nerves by rami communicantes. White rami carry the pregan-
glionic outflow from the spinal cord in myelinated fibers. These
synapse with nonmyelinated fibers in the vertebral ganglia. The
nonmyelinated fibers exit via the gray rami to join the spinal
nerves supplying the blood vessels of skeletal muscle and the
sweat glands, pilomotor muscles, and blood vessels of the skin.

Prevertebral ganglia, which are located in the abdomen and
pelvis, consist mainly of the celiac, aorticorenal, and anterior and
posterior mesenteric ganglia. The bladder and rectum are sup-
plied by terminal ganglia located close to these organs. Since
visceral nociceptive afferents can colocalize with these sympa-
thetic fibers, neuroblockade at the sympathetic ganglion (e.g.,
celiac plexus block) has been used to treat difficult-to-manage
visceral pain, such as that associated with cancer. Blockade does
not result in loss of somatic sensations, but may interfere with re-
gional sympathetic control of vasomotor or visceral functions.

Preganglionic fibers from the upper thorax form the cervical
sympathetic chain and synapse with postganglionic fibers to
form the sympathetic supply to the head and neck (sudomotor,
pilomotor, vasomotor, secretory, and pupillodilator innervation)
(Fig. 6.12). The upper thoracic chain supplies postganglionic
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Fig. 6.12. Schematic distribution of the cra-
niosacral (parasympathetic) and thoracolumbar
(sympathetic) nervous system. Parasympathetic
preganglionic fibers pass directly to the organ that
is innervated. Their postganglionic cell bodies are
situated near or within the innervated viscera. This
limited distribution of parasympathetic postgan-
glionic fibers is consistent with the discrete and
limited effect of parasympathetic function. The
postganglionic sympathetic neurons originate in
either the paired sympathetic ganglia or one of the
unpaired collateral plexi. One preganglionic fiber
influences many postganglionic neurons.
Activation of the sympathetic nervous system pro-
duces a more diffuse physiologic response rather
than discrete effects. G.I., gastrointestinal. From
Barash et al.42
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fibers that form the cardiac, esophageal, and pulmonary plex-
uses. The splanchnic nerves are formed from preganglionic
fibers, which do not synapse until they reach the celiac ganglion.
Postganglionic fibers from this and other prevertebral ganglia
ramify widely to supply the abdominal viscera.

The adrenal medulla is unique in that it is embryologically,
anatomically, and functionally homologous to the sympathetic
ganglia. Chromaffin cells within the medulla originate from the
neural crest and are innervated by preganglionic fibers. Acti-
vation of the sympathetic nervous system releases epinephrine
and norepinephrine (approximately 80% and 20%, respectively),
which act as systemic hormones, from the adrenal medulla. The
response is similar to, but longer than (10 to 30 s), that which oc-
curs with release from nerve terminals. Circulating norepineph-
rine causes vasoconstriction, inhibits gastrointestinal function,
increases cardiac activity, and dilates the pupils. Circulating
epinephrine has greater cardiac and metabolic effects than nor-
epinephrine and, because of its increased ß2-adrenergic receptor
activity, induces vasodilation in skeletal muscle and bronchodila-
tion. In addition, circulating norepinephrine and epinephrine
have generalized metabolic effects in tissues that do not receive
sympathetic innervation. Basal sympathetic tone is caused in part
by adrenal medullary activity.

Nonadrenergic Noncholinergic Nervous System
A third division of the autonomic nervous system has been
termed the nonadrenergic noncholinergic (NANC) nervous sys-
tem. The NANC system (previously known as the enteric ner-
vous system) is thought to regulate visceral organ function lo-
cally. It was first described with respect to the intestinal tract;
thus, the name enteric nervous system. However, it has since
been associated with some regulatory processes within other or-
gans, such as the lung, and is therefore best termed nonadrener-
gic noncholinergic nervous system.

Neuron Function
Axonal Conduction
Nerve impulses are electrochemical currents that pass along the
axon to the presynaptic membrane. From a pharmacological
standpoint, there is an important distinction between electric con-
duction of a nerve impulse along an axon and chemical transmis-
sion of this signal across the synapse. Using electrodes, it can be
shown that the internal resting potential of an axon is approxi-
mately 70 millivolts (mV) negative to the exterior of the axon.
This is termed the internal resting potential and is caused by a
relatively higher internal concentration of potassium and selec-
tive permeability of the resting axonal membrane to potassium.

When a resting axon is stimulated electrically, a nerve action
potential is produced that travels the full length of the neuron in
either direction. Most general anesthetics have little effect on
nerve conduction velocity.11,12

Neuroregulators
These play a key role in communication among nerve cells
(Table 6.3) and may be subdivided into two groups. Small mole-

cule neurotransmitters are synthesized in the cytosol of the pre-
synaptic terminal, absorbed into the transmitter vesicles, and re-
leased into the synaptic cleft in response to the arrival of an ac-
tion potential at the nerve ending. Release of neurotransmitters is
voltage dependent and requires calcium influx into the presynap-
tic terminal. Following its release, the transmitter binds with the
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Table 6.3. Neuroregulators and modulators

Small-molecule, rapidly acting neurotransmitters
Class I

Acetylcholine
Class II: amines

Norepinephrine
Epinephrine
Dopamine
Serotonin
Histamine

Class III: amino acids
�-Aminobutyric acid (GABA)
Glycine
Glutamate
Aspartate

Neuropeptide, slowly acting transmitters
Hypothalamic-releasing hormone
Thyrotropin-releasing hormone
Luteinizing-releasing hormone
Somatostatin

Pituitary peptides
Andrenocorticotropic hormone (ACTH)
ß-Endorphin
�-Melanocyte–stimulating hormone
Prolactin
Luteinizing hormone
Thyrotropin
Growth hormone
Vasopressin
Oxytocin

Peptides that act on gut and brain
Leucine enkephalin
Methionine enkephalin
Substance P
Gastrin
Cholecystokinin
Vasoactive intestinal polypeptide
Neurotensin
Insulin
Glucagon

Peptides that act on other tissues
Angiotensin II
Bradykinin
Carnosine
Sleep peptides
Calcitonin



postsynaptic receptor. The postjunctional membrane is excited
by increased sodium conductance and inhibited when potassium
or chloride conductance is enhanced. Some transmitters bind to
receptors that activate enzymes, thus altering cellular function.

Neuropeptide modulators are synthesized in the neuronal cell
body and transported to the nerve terminal by axonal streaming.
They are released in response to an action potential, but in much
smaller quantities than are the small molecule transmitters. The
neuropeptides induce prolonged effects to amplify or dampen
neuronal activity. They exert their effects through a variety of
mechanisms, including prolonged closure of calcium channels,
alteration of cellular metabolism, activation or inactivation of
specific genes, and prolonged alteration in the numbers of excit-
atory or inhibitory receptors. Although usually only a single
small molecule neurotransmitter is released by each type of neu-
ron (Dale’s law), the same neuron may release one or more neu-
ropeptide modulators at the same time. The latter can be released
from within the brain or from other parts of the body to act on
neurons distant from the release site.13 In terms of anesthesia,
many neuroregulators are known to be of great importance,
whereas the significance of others may not be appreciated at this
time.

In terms of chronic pain, little is known about the roles of neu-
romodulators involved in windup and sensitization. However, it
is becoming more widely accepted that the pathological process-
ing of nociceptive input in the brain and spinal cord involves
more than simple changes in “wiring” of neurons. Recent evi-
dence suggests an important role for the glia. Glia cells are tradi-
tionally thought of as serving only a supporting role as the glue

that holds nervous structures in their correct orientation.
However, microglia are now recognized to have immune system
roles and the ability to secrete modulating substances, such as
tumor necrosis factor, interleukins, and nitric oxide, that can alter
neighboring cell physiology.14,15 Future treatment strategies for
chronic pain syndromes will likely address the role of immune
cells like microglia (the resident CNS macrophages) in overall
nervous system function and alteration.16

Transmission at the Neuromuscular
Junction
The motor nerve axon terminates opposite the muscle cell at the
presynaptic terminal membrane. Facing it is a second membrane:
the postjunctional membrane. The two are separated by the sub-
neural synaptic space. The area where the nerve meets the mus-
cle is termed the motor end plate (Fig. 6.13).

The postjunctional membrane is preferentially permeable to
sodium and potassium ions. The interior of the muscle cell is
negatively charged, whereas the exterior, facing the nerve, is pos-
itively charged. This polarity is caused by an excess of sodium
ions outside and potassium ions inside. The electromotive differ-
ence in potential between sides is approximately 90 mV. When a
nerve impulse reaches the end of the axon, it initiates the release
of ACh from its bound form in the synaptic vesicles. It diffuses
across the synapse and is reversibly bound on the nicotinic
cholinergic receptors of the postjunctional membrane. This
changes the allosteric configuration of proteins in the membrane
and its ion permeability. Sodium ions flow inward and potassium
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Fig. 6.13. The anatomy of the motor end plate and the sequence of events from the nerve action potential to the contraction of a muscle fiber.
EPP, end-plate potential. From Gilman et al.43
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outward, resulting in a decrease in electronegativity within the
postjunctional membrane termed depolarization. From �90 to
�45 mV, nothing occurs. This range is termed the end plate po-
tential. Beyond the threshold potential, �45 mV, electrical de-
polarization spreads to the muscle around the end plate and 
is termed the action potential. This reaches a value of up to 
+30 mV.

Depolarization requires 0.2 to 0.4 ms, during which ACh is hy-
drolyzed to acetic acid and choline by ACh esterase present in the
postjunctional membrane. As ACh is hydrolyzed, membrane per-
meability is restored to its normal state by sodium-potassium
ATPase and the ions return to their respective resting sides (repo-
larization). Muscle contraction is delayed 2 to 3 ms; hence, repo-
larization is already complete when contraction occurs. Excess
choline is taken up by the presynaptic nerve terminal and,
through action of choline-O-acetyltransferase, acetic acid and
choline recombine to re-form ACh. During rest, small quantities,
or quanta, of ACh are continuously released from the nerve ter-
minal, diffuse across the synaptic cleft, and bind to postsynaptic
ACh receptors, causing small end-plate potentials. These minia-
ture end-plate potentials do not cause muscle contraction, but are
necessary for normal neuromuscular junction physiology. In con-
trast, when a nerve action potential arrives at the terminal, large
quantities of ACh are released and motor end-plate depolariza-
tion and muscle contraction occur. The amount of ACh released
with an action potential is about 10 times the amount required for
muscle contraction. Extra ACh provides a safety margin in neu-
romuscular transmission and explains why more than 70% to
80% of postsynaptic junctional receptors need to be blocked be-
fore twitch tension is noticeably reduced. Most muscle fibers
have one neuromuscular junction per fiber, although some mus-
cles (e.g., extraocular muscles) may have more than one.

The three types of nicotinic cholinergic receptors at the neuro-
muscular junction are (a) junctional postsynaptic receptors lo-
cated at the end plate that are responsible for neuromuscular
transmission, (b) extrajunctional (i.e., extrasynaptic) postsynap-
tic receptors that do not normally participate in neuromuscular
transmission but that may proliferate if the muscle is damaged or
denervated, and (c) prejunctional receptors that modulate neuro-
transmitter mobilization from the nerve terminal. The adult post-
synaptic junctional nicotinic receptor is composed of five sub-
units (two alpha subunits, and one each of beta, gamma, and
delta) that are arranged to form an ion channel through the cellu-
lar membrane. When two ACh molecules bind to both alpha sub-
units, the channel opens and calcium and sodium enter, while
potassium exits the cell.

Postsynaptic extrajunctional receptors, which are located on
the muscle membrane away from the synaptic cleft, are present
in low numbers in normal individuals but proliferate following
denervation or muscle damage. When present in high numbers,
extrajunctional receptors play an important role in the develop-
ment of the exaggerated, and sometimes dangerous, response
seen after administration of a depolarizing neuromuscular junc-
tion blocker.

Presynaptic junctional receptors are located on motor nerve
terminals and modulate the mobilization and availability of neu-

rotransmitters. Antagonism of presynaptic receptors does not ap-
pear to inhibit the release of ACh directly but may reduce synthe-
sis or vesicular transport within the nerve terminal. Depletion of
ACh stores following repeated or tetanic nerve stimulation no-
ticeably reduces twitch tension. The role of the presynaptic re-
ceptor in the development of neuromuscular junction blockade is
not completely understood.

Evaluation of Neurological Function
During Anesthesia
Although the primary effect of anesthetics and anesthetic ad-
juncts is to reversibly alter CNS function, detailed studies of their
neurophysiological effects have received comparatively limited
attention. Traditionally, CNS activity has been evaluated subjec-
tively by using classic signs of anesthesia (Guedel’s stages of
ether anesthesia) because interpretation of standard EEG record-
ings has required extensive training.

Electroencephalography
Historically, the electric activity of the CNS has been used in di-
agnostics of CNS disorders, especially seizures. The EEG has not
gained widespread popularity as a clinical tool for evaluation of
analgesia and anesthesia. Standard EEG tracings, using a Grass
polygraph or other raw signal recorder, have required a degree of
subjective interpretation. However, computer analyses of stan-
dard EEG tracings are now widely used to evaluate the effects of
anesthetic adjuncts on neurological function.

The diagnostic EEG is usually used as a quantitative measure
for spontaneous brain electrical activity. For intraoperative mon-
itoring, amplitude, frequency, and bilateral symmetry over the
two hemispheres are observed. When nutrient delivery to the
brain is reduced, neurons sacrifice function before losing the
ability to maintain their structure. The decrease in function can
be detected as a change in the distribution of the EEG frequen-
cies from higher to lower frequencies. Severe ischemia or very
deep levels of anesthesia with some anesthetics produces irregu-
lar EEG signals and a phenomena termed burst suppression char-
acterized as periods of electrical silence alternating with periods
of activity. Eventually, with extreme anesthetic depression, the
EEG will become completely silent (isoelectric) as neuron elec-
trical activity ceases. Changes are reversible if anesthetic depres-
sion is lessened.

Hypothermia, hypotension, and hypercarbia can each alter the
EEG and must be accounted for when interpreted clinically.
Hypothermia will slow human EEG frequency in temperature-
related fashion. Intermittent burst suppression will begin around
26°C, and isoelectricity will follow. Similarly, cerebral perfusion
pressure below 50 mm Hg results in EEG slowing. It is important
to note that significant changes in systemic blood pressure may
not be accompanied by changes in EEG activity until a threshold
level of hypoperfusion is reached.

Alternative methods for earlier detection of cerebral insult or
increasing anesthetic depression use monitor-created stimuli,
such as sound (brain-stem auditory evoked responses), light (vi-
sual), or noxious electrical pulses (somatosensory). These evoke
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a CNS response that can be detected with proper EEG process-
ing and can be indicative of the status of the nervous system dur-
ing anesthesia and surgery. Additionally, the evoked somatosen-
sory potentials can be applied to distant regions of the body and
used to assess total nervous system function, such as in monitor-
ing of spinal cord function during spinal surgery. Evoked poten-
tials are usually averaged to remove the cyclical changes in back-
ground EEG. The resulting EEG changes are temporally
associated with the stimulus and latency and amplitude can be
compared with normal or baseline values. Motor evoked poten-
tials can be used to measure peripheral motor nerve function by
measuring nerve or muscle responses.

The development of spectral analysis and computer-assisted
analysis of EEG recordings enabled a quantitative comparison of
the effects of various anesthetic agents and dosages over
time.17–23 Spectral edge analysis of the EEG has been correlated
with anesthetic depth.24 This system converts signals recorded in
sequential epochs into numerical values for display of EEG am-
plitude and frequency distribution. Shifts in the 80% power spec-
tral edge enable investigators to determine shifts objectively in
electric frequencies as influenced by drugs.17–22,25 Some investi-
gators have used 95% spectral edge for analysis.23 The spectral
edge frequency is defined as that frequency below which a cer-
tain percentage (80% or 95%) of the total power (amplitude2) is
located. Concurrent analysis of airway, blood, or tissue drug con-
centrations, anesthetic depth, and spectral edge frequency pro-
vides a method of gauging the correlation of neurological re-
sponses to anesthetics and analgesics.21,22

In addition to the recording of raw EEGs, the mean frequen-
cies and amplitudes for delta, theta, alpha, beta1, and beta2 fre-
quency bands can be determined. These frequency bands corre-
spond to below 3.9, 4.0 to 7.9, 8.0 to 12.9, 13.0 to 23.9, and 24.0
to 31.75 Hz, respectively. The summation for all activity is
recorded at frequencies up to 31.75 Hz. The response curve for
each frequency and the duration of drug effect can be determined
at each dosage of anesthetic to assess actions on overall CNS ac-
tivity. Details of the use of computerized spectral analysis of the
EEG to assess anesthetic depression have been published.17–27

Bispectral Index Monitor
The bispectral index (BIS) monitor is a commercially available
human monitor designed to enable anesthetists to conveniently
measure an EEG-derived index of hypnotic level. The monitor
records EEG activity from a pair of recording electrodes. The
EEG signal is automatically processed, and a statistically derived
index (the bispectrum) is reported. Electromyographic activity
occurs with a frequency that overlaps with the EEG and can be
problematic, especially in conscious animals or at light planes of
anesthesia. Newer BIS monitors report the higher electromyo-
graphic frequencies and notify users of potential false elevation
in the BIS number. Deep levels of anesthesia or neurological in-
jury can result in EEG burst suppression. The BIS monitor re-
ports a suppression ratio as well as displaying a continuous EEG
waveform, enabling users to detect erroneous BIS values caused
by isoelectric EEG activity.

In humans, BIS monitoring has been used as an indicator of

hypnosis level. The BIS value best correlates to a patient’s likeli-
hood of response to verbal or physical stimulation. When deliv-
ering gas anesthetics to a patient, the BIS value should not be
used as a “MAC meter.” The BIS value is a processed signal, and
changes are delayed 30 to 60 s from the change in EEG and phys-
ical status following an acute stimulus like a skin incision or a
loud sound. This delay makes it difficult to use the BIS as an in-
dication of CNS response to stimuli or changes in neurological
status. The advantage of BIS evaluation lies in its approximation
of the level of sedation. When coupled with the knowledge of the
time of drug administration, the occurrence of surgical stimula-
tion, and underlying patient physiology, the safety and quality of
altered mentation can be crudely assessed.

In humans, a BIS index above 80 indicates a high probability
of response to a command. For sedative agents, the likelihood of
response drops dramatically to a very low probability as the BIS
index nears 50. The index may also correlate with the incidence
of recall, but since the index was statistically derived for move-
ment, the values for recall and movement are different. Appro-
priate BIS values during anesthesia in veterinary patients are
more difficult to determine. Since the index is derived using re-
sponse to commands as the pharmacodynamic effect, veterinary
publications reporting correlation of BIS values to MAC multi-
ples are more difficult to interpret. Several studies have been per-
formed to evaluate the usefulness of BIS in dogs.28,29 In general,
BIS was found to be useful in measuring depth of anesthesia, and
values have been correlated with MAC multiples. Some species,
such as cats, have unusually low BIS values when unstimulated,
such as when being prepared for surgery, resulting in apparently
poor correlation to depth, but noxious stimulation appears to
raise values and result in a useful correlation.30–32 Usefulness of
BIS in swine is of interest because of their use as laboratory mod-
els. Early reports of BIS use indicated poor correlation with anes-
thetic depth; however, subsequent work using swine with indi-
vidually measured MAC values had improved correlation with
BIS and anesthetic depth.33,34 Other species have been examined
using BIS as an index of anesthetic depth.35,36

Functional Magnetic Resonance Imaging
Functional magnetic resonance imaging (fMRI) was developed
in the early 1990s as a technique to localize brain activity. Its
main advantages are its noninvasiveness and the spatial and tem-
poral resolution it provides. fMRI uses the correlation between
neuronal activity and regional CBF.37 Currently, its use in ani-
mals has been limited to the research setting.
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Introduction
Probably the most fundamental and important principle of phys-
iology is homeostasis: the maintenance of constant conditions
through dynamic equilibrium of the internal environment of the
body. One of the many processes that maintain homeostasis is 
the regulation of acid-base balance, a term introduced by L. J.
Henderson (1909). Central to all schemes of acid-base balance is
the understanding that normal oxygen-dependent metabolism of
food (carbohydrates, lipids, and proteins) results in the pre-
dictable production of work, heat, and waste. Indeed, normal
metabolic processes are responsible for the production of thou-
sands of millimoles of carbon dioxide (CO2; volatile acid) and
potentially hundreds of milliequivalents of nonvolatile hydrogen
ions (fixed acid) daily. Individual differences in the amount of
CO2 and hydrogen ion (H+) produced are influenced by diet, cel-
lular basal metabolic rate, and body temperature. Animals con-
suming high-protein diets, for example, produce CO2 and excess
quantities of H+ precursors, whereas animals consuming diets
high in plant material produce CO2 and excess quantities of bi-
carbonate ion (HCO3

�) precursors. The CO2 that is produced is
combined with water and is catalyzed by carbonic anhydrase
(CA) to form carbonic acid (H2CO3). The formation of carbonic
acid from CO2 and water (H2O) (Eq. 7.1) and the subsequent

generation of H+ and HCO3
� (Eq. 7.2) serves as the focal point

for almost all discussions of acid-base balance because (a)
Henderson’s studies highlighted that large quantities of CO2 are
produced by all metabolizing cells, (b) CO2 is in equilibrium
with H+ and HCO3

� ion, and (c) in the 1950s the plasma CO2
content was the only relevant acid-base quantity that could be
conveniently determined.

CO2 + H2O b H2CO3 (7.1)

H2CO3 f H+ + HCO3
� (7.2)

Combining Eqs. 7.1 and 7.2 yields

CO2 + H2O f
ca

H2CO3 f H+ + HCO3
� (7.3)

Although current understanding and appreciation for the many
processes responsible for acid-base homeostasis have expanded
considerably since Henderson’s introduction of the term acid-
base balance, the central importance of H+ regulation to cell
function and animal health cannot be overemphasized. This led
A. B. Hastings (1961) to state: “Tiny though it is, I suppose no
constituent of living matter has so much power to influence bio-
logical behavior.”

Acid-base homeostasis ([H+] regulation) involves the inte-
grated normal activity of the lungs, kidney, and liver (Fig. 7.1).
The lung removes CO2, the kidneys remove H+ as fixed acid, and
the liver metabolizes protein, generating 1 mmol H+/kg body
weight daily. Following is a review of basic principles of acid-
base balance and their integration into both the traditional and
independent-variable (Stewart) approach to understanding and
interpreting acid-base abnormalities in animals. Other more spe-
cific texts should be consulted for a more comprehensive review
of the subject.1–8

Acids, Bases, pH, pK, and the
Henderson-Hasselbalch Equation
Most formal definitions of acids or bases when applied to biolog-
ical solutions universalize the Bronsted-Lowery concept, which
classifies acids as proton donors and bases as proton acceptors. A
more appropriate working definition, however, may be that acids
are substances that increase H+ concentration ([H+]), a term used
synonymously with protons in aqueous solutions. The strength of
an acid and resultant acidity of a solution are determined by its
activity coefficient, a factor influenced by temperature that deter-
mines the degree of dissociation. Since, by definition, a base is
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an H+ (proton) acceptor, each acid dissociates into H+ and a po-
tential H+ acceptor or conjugate base. For example, H2CO3 in
aqueous solution dissociates into H+ and its conjugate base
HCO3

�. Substances that are strong acids have weak conjugate
bases and vice versa. Interestingly, water, the most abundant sol-
vent in the body, can function as both an acid (H3O+; proton
donor) or a base (H2O; proton acceptor) depending on local con-
ditions (H+ + H2O f H3O+). At normal pH (7.40) and tempera-
ture (37° to 38°C), water is the most abundant base in the body.

In acid-base physiology, the formation of acids and therefore
H+ production are emphasized because the end product of oral
intake, tissue metabolism, and many pathophysiological disease
processes is the production and release of hydrogen ion.
Sorensen (1909) developed the concept of pH (�log10[H+]) in
order to simplify the notation necessary to describe the large
changes of [H+] observed in nature and chemical experiments.
This notation, although cumbersome mathematically and some-
what misleading because of nonlinearity, converts [H+] to pH by
the formula (Fig. 7.2)

pH = �log10 [H+] = log10 (1/[H+]) (7.4)

Regardless of the relatively narrow range (20 to 150 nEq/L) over
which changes in [H+] occur in biological fluids, the concept of pH
persists and is routinely reported on most pH and blood-gas ma-
chines. Conversion formulas for pH to [H+] have been developed:

pH > 7.40 [H+] = (pHm � 7.40) (40) (0.8) (7.4a)

pH < 7.40 [H+] = (7.40 � pHm) (40) (1.25) (7.4b)

where pHm is the measured pH. The development of the pH con-
cept by Sorensen combined with the theory of acid-base balance
proposed by Henderson (1909) and the introduction of methods
to measure pH in blood by Hasselbalch (1912) led to the devel-
opment of the Henderson-Hasselbalch equation and the charac-
terization of acid-base disturbances as being either respiratory or
nonrespiratory (metabolic) in origin. Application of the law of
mass action to body fluids produces many potential equilibrium
equations that could be used to explain acid-base balance. The
reasons why the carbonic acid equilibrium equation (Eqs. 7.1 and
7.2) was chosen to describe acid-base balance are (a) historical
(method of assay development) factors; (b) the finding that, other
than water, HCO3

� is the major base in the extracellular fluid
and H2CO3 the major acid; and (c) that the carbonic acid equa-
tion incorporates both volatile and nonvolatile substances. The
law of mass action states that the rate (velocity) of a reaction is
proportional to the concentration of the reactants and the dissoci-
ation constant (K) for the reaction. The rate of dissociation (r) for
an acid can be characterized by

[HA] b [H+] + [A�] (7.5)

Using the dissociation constant K1,

r1 = K1 [HA] (7.6)

Similarly,

[H+] + [A�] b [HA] (7.7)

and

r2 = K2 [H+] [A�] (7.8)

which at equilibrium results in r1 = r2, or

K2/K1 = Ka = [H+][A�]/[HA] (7.9)
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Fig. 7.1. Integration of the gut, liver, lung, and kidney in acid-base
balance. HCO3

�, sodium bicarbonate ion.

Fig. 7.2. Relationship between [H+] and pH. Note that the relation-
ship is exponential and not linear.
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where Ka is the dissociation constant for the acid HA. Applying
this law to carbonic acid, Henderson derived

[H+] = Ka[CO2]/HCO3
� (7.10)

Henderson used the concentration of dissolved molecular CO2
instead of H2CO3 because H2CO3 could not be measured.
Hasselbalch then introduced PCO2 into Henderson’s equation
and put the equation into logarithmic form, producing the now
universally applied Henderson-Hasselbalch equation:

pH = pKa + log10 {[HCO3
�]/[s � PCO2]} (7.11)

where pH is �log10 [H+], pKa is = log10Ka, and s is the solubil-
ity of CO2. This equation is frequently rewritten for explanatory
purposes as

(7.12)

Henderson deliberately applied the law of mass action to the
equilibrium of carbonic acid. The Henderson-Hasselbalch equa-
tion indicates the amount of H+ (protons) available to react with
bases. Since acids and bases are charged particles, the application
of this equation to biological fluids assumes that

1. Mass is conserved: The concentration of all substances can
be accounted for as the sum of the concentrations of dissoci-
ated and undissociated forms.

2. All dissociation constants for all incompletely dissociated
substances (weak acids or bases) are satisfied.

3. Electroneutrality is preserved: All positive charges must
equal all negative charges.

These assumptions have particular relevance to the application
of acid-base principles and to the interpretation of acid-base
imbalance and are the basis for always integrating electrolyte
(Na+, K+, Cl�, etc.) abnormalities into the evaluation of acid-
base balance.

Body Buffering Systems
The body uses three principal mechanisms to minimize or buffer
changes in H+.6,7 Chemical buffers act within seconds to resist or
reduce changes in [H+] and are the first line of defense against
changes in pH. The respiratory system responds within minutes
to resist changes in [H+] by regulating the partial pressure of CO2
(physiological buffering) and eliminating excess CO2 molecules
caused by an increase in H+ production (chemical buffering).

cH+ + HCO3
�b H2CO3b H2O + 

CO2 (increased minute volume)
(7.13)

Finally, H+ that is produced by nonrespiratory mechanisms
(metabolic or nonrespiratory acidosis) is excreted by the kidney
in the urine over a period of hours or days (Fig. 7.3).

Chemical Buffers
These are compounds that minimize changes in the [H+] or the
pH of a solution when an acid or base is added. A buffer solution
consists of a weak acid and its conjugate base and is most effec-

tive when the pH is within 1.0 pH units of its dissociation con-
stant (pKa) (Table 7.1). Alterations in blood, interstitial, and in-
tracellular [H+] are immediately modified by chemical buffer
systems. The ratio of the anion [A�] form of the buffer to its con-
jugate acid [HA] is a function of its dissociation constant (pKa)
and the [H+]. For weak acids, as [H+] increases, [A�] decreases
and [HA] increases by equal amounts, keeping the total amount
of Atot(Atot = HA + A�) the same. The principle chemical buffers
for excess H+ production are the bicarbonate (HCO3

�/H2CO3),
phosphate (HPO4

�/H2PO4), and protein (Prot�/H Prot) buffer
systems. Bone can contribute calcium carbonate and calcium
phosphate to the extracellular fluid, thereby increasing the
buffering capacity. Indeed, bone may account for up to 40% of
the buffering of an acute acid load. Functionally, anytime there is
an increase in [H+] in the body, the anion form of the buffer
(HCO3

�, HPO4
�, and Prot�) accepts the excess proton, convert-

ing the buffer to its conjugate acid (H2CO3, H2PO4, and H Prot).
Because the body can have only one [H+], the ratio of the acid to
salt forms of the various buffer pairs in solution can always be

pH p
[base]

[acid]

kidney

lung
= + ⎧

⎨
⎩

⎫
⎬
⎭

=Ka log
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Fig. 7.3. Rate of response of the different buffering mechanisms in
the body.

Table 7.1. pKa values of important chemical buffersa

Compound pKa

Lactic acid 3.9
3-Hydroxybutyric acid 4.7
Creatinine 5.0
Organic phosphates 6.0–7.5
Carbonic acid 6.1
Imidazole group of histidine 6.4–6.7
Oxygenated hemoglobin 6.7
Inorganic phosphates 6.8
�-Amino (amino terminal) 7.4–7.9
Deoxygenated hemoglobin 7.9
Ammonium 9.2
Bicarbonate 9.8

aCompounds with pKa values in the range of 6.4 to 8.4 are most useful as
buffers in biological systems. The pKa values for the imidazole group of
histidine and for �-amino (amino terminal) groups are for those side groups
in proteins. The pKa range for organic phosphates refers to such intracellu-
lar compounds as ATP, ADP, and 2,3-DPG.

FPO



predicted by the Henderson-Hasselbalch equation (isohydric
principle), providing their concentration and their dissociation
constant (pKa) are known. With knowledge of the behavior of one
buffer pair, one can predict the behavior of all the other buffer
pairs in solution. The HCO3

�/H2CO3 buffer pair is most fre-
quently used to determine acid-base status in clinical practice be-
cause it is the most prominent chemical buffer in the extracellu-
lar fluid. Another important reason why the HCO3

�/H2CO3
buffer pair is used to express acid-base status is that, in the pres-
ence of carbonic anhydrase, carbonic acid forms CO2, which is
eliminated by alveolar ventilation. Thus, the body can be consid-
ered an “open” system.

Approximately 60% of the body’s chemical buffering capacity
occurs by intracellular phosphates and proteins. Inorganic and
organic (ATP, ADP, and 2,3-DPG) phosphates possess pKa values
that range from 6.0 to 7.5, making them ideal chemical buffers
over a wide range of potential intracellular pH values. Inorganic
phosphate (pKa 6.8) is the major buffer in urine because renal tu-
bular pH (6.0 to 7.0) includes the pKa of the HPO4

�/H2PO4
buffer pair.

Intracellular pH regulation depends on the activity of two cell
membrane ion-transport systems: the Na+-H+ antiporter and the
Cl�HCO3

� antiporter (chloride pump), and intracellular pro-
teins. Proteins are by far the most important intracellular buffers.
Hemoglobin contributes approximately 80% of the nonbicarbon-
ate buffering capacity of whole blood and with other intracellu-
lar proteins is responsible for three-fourths of the chemical
buffering power of the body. The most important intracellular
protein-dissociable group is the imidazole ring of histidine (pKa
6.4 to 6.7). The �-amino groups of proteins (pKa 7.4 to 7.9) play
a secondary but important role in intracellular buffering. Plasma
proteins, particularly albumin, also contain histidine and 
�-amino groups, and collectively are responsible for 20% of the
nonbicarbonate buffering capacity of whole blood (Table 7.2).

Respiratory System
This offers an alternative route by which [H+] can be regulated
by varying the partial pressure of carbon dioxide (PCO2) (Fig.
7.1). Chemoreceptors throughout the body, but particularly those

located in the medulla and carotid body, monitor changes in [H+]
and PCO2 and adjust breathing (tidal volume and frequency) to
maintain a normal [H+]. The association of H+ with HCO3

� and
the subsequent formation of CO2 and H2O is an example of
chemical buffering (closed system), and the elimination of CO2
by the lung (open system) constitutes a physiological buffering
mechanism. Changes in blood CO2 also have important conse-
quences for hemoglobin affinity for oxygen and its buffering ca-
pacity. Increases in PCO2 increase blood [H+] and decrease he-
moglobin affinity for oxygen (Bohr effect). This change in the
oxygen affinity of hemoglobin is advantageous in tissues, allow-
ing hemoglobin to release more oxygen for metabolism.
Unoxygenated hemoglobin in turn can transport more CO2 in the
form of hemoglobin carbamino compounds (H+ Prot) to the
lungs (Haldane effect). It is important to realize that anytime
there is a change in the PCO2, there is a relatively much greater
change in [H+] than [HCO3

�], because [HCO3
�] is measured in

milliequivalents per liter and [H+] in nanoequivalents per liter.
Maintenance of [H+] within a narrow range is vital to normal tis-
sue enzyme activity.

Renal System
The synthesis of new HCO3

� and excretion of excess H+ empha-
size the role of the kidneys as both a chemical and physiological
buffer system (Fig. 7.1). Although relatively slow (hours or
days), compared with the lungs (minutes) and chemical buffering
(seconds), the kidney serves as the principal means by which
acids that are produced by metabolic processes (not owing to
CO2 production but rather fixed acids) are ultimately eliminated
(Fig. 7.3). All hydrogen ions produced by metabolic processes
are excreted in the urine in combination with weak anions (titrat-
able acidity), primarily phosphate and ammonium salts. The term
titratable acidity may be considered synonymous with urinary
phosphate concentration but actually represents all weak acids,
including creatinine and urate. Net acid excretion by the kidney
includes the titratable acidity and ammonium minus the HCO3

�

eliminated in the urine. Ammonium (NH4
+) is produced in the

proximal tubule primarily from glutamine metabolism to 
�-ketoglutarate and NH3, a process that simultaneously gener-
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Table 7.2. Major body buffers

pKa Compartment pH Basis of Effectiveness Weakness

ECF
HCO3

� 6.1 7.4 CO2 removal by the lungs Distance of pH from pK
ICFa Quantity Depends on lungs

Imidazole Close to 7 7.0 Exceedingly large quantity Changes charge on ICF proteinsb

HCO3
� 6.1 7.0 Relatively large quantity Depends on lungs for CO2 removal

Urine
Inorganic phosphate 6.8 5–7 pK higher than urine pH Little capacity to increase excretion rate

ECF, extracellular fluid; ICF, intracellular fluid; and HCO3
�, sodium bicarbonate ion.

aAlthough ICF creatine phosphate is not a buffer, during acidemia it is hydrolyzed, rendering it capable of H+ binding.
bThis change in charge on ICF proteins can have important effects on enzyme activities, transporters, and ICF volume.



ates HCO3
�. Increases in H+ production can increase the rate of

ammonium salt excretion by fivefold during severe metabolic
acidosis (Fig. 7.4).

It is important to note that potassium loss from cells can lead
to intracellular H+ or Na+ accumulation in order to maintain elec-
tric neutrality. This effect in renal tubular cells can lead to in-
creased H+ excretion (aciduria) and HCO3

� reabsorption (alka-
lemia and “paradoxical aciduria”). Renal tubular cell acidosis
may also augment glutamine metabolism and NH3 production,
leading to enhanced NH4

+ excretion. Alkalemia and paradoxical
aciduria is known to occur in people, rats, and ruminants. Its im-
portance in dogs and cats is questionable.

Temperature Effects on Acid-Base Balance
Increases and, more routinely, decreases in body temperature are
frequently encountered in patients undergoing anesthesia and
surgery. Increases in body temperature may be associated with
stress, increases in skeletal muscle activity (inadequate relax-
ation), systemic disease, and/or infectious and genetic disorders
(malignant hyperthermia). Decreases in body temperature are

much more common than increases during anesthesia and sur-
gery. Hypothermia may be much more profound in smaller pa-
tients (<8 to 10 kg) because of their larger body surface area to
body mass ratio and is exaggerated by cleaning solutions (water
or alcohol), cold exposure (steel tables), illness (shock), drugs
that cause vasodilation (phenothiazine, barbiturates, or isoflu-
rane), and toxicity. Changes in body temperature affect the [H+]
of all body fluids. Increases in body temperature decrease pH and
vice versa such that blood pH changes by 0.015 to 0.02 units/°C.
Changes in pH with body temperature are expected because of
known temperature-induced changes on dissociation constants
(pKa) and the solubility of CO2 in blood. For example, as body
temperature decreases, the pKa and blood solubility of CO2 in-
crease, producing an increase in pH and decrease in PCO2 (Table
7.3). These temperature-dependent changes in both intracellular
and extracellular pH are believed to be important in maintaining
an OH�/H+ (relative alkalinity) ratio of 16:1 throughout the
body. A constant relative alkalinity of 16:1 for OH� and H+ is
known to be optimal for cellular enzyme systems to function nor-
mally. The most important of the dissociable groups responsible
for maintenance of a constant ratio between [H+] and [OH�] is
the imidazole ring of the histidine residues of hemoglobin.
Indeed, the fractional dissociation of imidazole-histidine re-
mains constant as temperature changes and varies with pH dur-
ing isothermal conditions. This regulation of the functional
imidazole-histidine dissociation to maintain acid-base balance is
termed alpha-stat regulation in contrast to pH stat regulation, in
which pH values are maintained constant (Table 7.4).7,9

Both the alpha-stat and pH-stat concepts of acid-base balance
have been used clinically when interpreting pH and blood gases
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Table 7.4. Comparison of pH-stat and alpha-stat acid-base regulation

pH and PaCO2 �-Imidazole Enzyme Structure 
Concept Purpose Total CO2 Maintenance Intracellular State and Buffering and Function 

pH-stat Constant pH Increases Normal corrected Acidotic (excess H+) Excess (+) charge, Altered and activity 
values buffering decreased decreased

Alpha-stat Constant Constant Normal uncorrected Neutral (H+ = OH�) Constant net charge, Normal and activity 
OH�/H+ values buffering constant maximal

Fig. 7.4. Reabsorption and regeneration of sodium bicarbonate ion
(HCO3

�) in the renal tubules. Bicarbonate reabsorption in the proxi-
mal tubule coincides with H+ secretion. Bicarbonate regeneration in
the renal tubules coincides with titration of phosphate by H+ and am-
monium formation.

Table 7.3. Effect of temperature on PO2, PCO2, and pH

Temp °C PO2 PCO2 pH

20 27 19 7.65
25 37 24 7.58
30 51 30 7.50
35 70 37 7.43
36 75 38 7.41
37 80 40 7.40
38 85 42 7.39
39 91 44 7.37
40 97 45 7.36

FPO



in patients with body temperatures higher or lower than nor-
mal.7,9 Proponents of the pH-stat hypothesis argue that it is im-
portant to maintain a constant pH of 7.40 and PCO2 of 40 mm Hg
at any temperature, whereas proponents of the alpha-stat strategy
attempt to keep a constant ratio of [H+] to [OH�] of 1:16.
Proponents of the pH-stat strategy realize that if the pH and
PCO2 were kept constant at pH of 7.40 and PCO2 of 40 mm Hg
during hypothermia, the patient would be acidotic, but they argue
that pH-stat–oriented therapy reduces morbidity. Proponents of
alpha-stat–oriented therapy argue similarly and point out that
blood flow to vital organs, particularly cerebral blood flow, be-
comes pressure dependent with pH-stat management. More re-
search is required to resolve all of the controversies regarding the
potential benefits of either strategy. From a practical standpoint,
however, pH and PCO2 need not be corrected for temperature.
Measuring a blood sample taken from a hypothermic patient at
37° or 38°C (the temperature at which most blood-gas machines
are calibrated) enables appropriate therapeutic decisions and
eliminates the need to know the patient’s precise body tempera-
ture for interpretation of acid-base abnormalities.

Clinical Acid-Base Terminology
Descriptions of acid-base balance and acid-base abnormalities
have been based on familiarity with the Bronsted-Lowery defini-
tion of an acid and base, the Henderson-Hasselbalch equation,
and standard medical terms describing body fluids or fluid com-
partments. The terms acidosis and alkalosis, for example, are
used to describe the abnormal or pathological (-osis) accumula-
tion of acid [H+] or alkali [OH�] in the body.5 The terms
acidemia and alkalemia are used to describe whether the blood
pH is acid or alkaline, respectively. The Henderson-Hasselbalch
equation characterizes all acid-base disturbances as being either
respiratory or metabolic because of the body’s production and
elimination of volatile (dissolved CO2; H2CO3) and nonvolatile
or fixed (e.g., lactic and phosphoric) acids, respectively. There-
fore, only four primary acid-base abnormalities are possible: res-
piratory acidosis, metabolic acidosis, respiratory alkalosis, and
metabolic alkalosis (Table 7.5). Clinically, the terms respiratory
and metabolic have been used to imply the involvement of the
lung and kidney in acid-base regulation:

pH = HCO3
�/PaCO2 =

kidney function (fixed acids)

lung function (volatile acids)
(7.14)

The term nonrespiratory frequently replaces metabolic in many
discussions of acid-base imbalance because the term metabolic is
not totally descriptive and is somewhat misleading (because it
implies that all fixed acids are produced by cellular metabolism).
The term nonrespiratory incorporates all mechanisms responsi-
ble for acid-base imbalance other than the production of CO2 and
carbonic acid (H2CO3). These mechanisms include alterations in
the concentrations of strong (fully dissociated) ions and strong
ion difference (SID), nonvolatile plasma buffers (primarily serum
proteins; Atot), and the ionic strength (dissociation constants;
pKa) of the solution (Fig. 7.5). The four factors used to describe
changes in [H+] caused by respiratory and nonrespiratory imbal-
ances are collectively referred to as independent variables
(PCO2, SID, Atot, and pKa) because each of them is regulated or
changed independently of the others.10–12 It should be noted,
however, that changes in temperature can affect all the indepen-
dent variables, a consideration that has special importance during
surgery and anesthesia.

Primary abnormalities in acid-base balance can arise from dis-
turbances in any one or several of the independent variables.
Simple acid-base abnormalities are said to occur only when one
independent variable is responsible for the acid-base disturbance.
Mixed acid-base abnormalities are caused by disturbances in two
or more of the independent variables. Mixed acid-base abnormal-
ities may be additive (respiratory and nonrespiratory acidosis) or
offsetting (respiratory alkalosis and metabolic acidosis) with re-
gard to their ability to influence [H+] measured as pH. Offsetting
mixed acid-base abnormalities occur when two primary acid-
base abnormalities produce opposite effects on plasma [H+].
Patients with offsetting mixed acid-base abnormalities have both
acidosis and alkalosis but do not necessarily demonstrate
acidemia or alkalemia, because blood pH may be normal. These
are some observations that should lead to suspicions of a mixed
acid-base disturbance when evaluating blood-gas results:2,13,14

1. The presence of a normal pH with abnormal PCO2 and/or
[HCO3

�]
2. A pH change in a direction opposite that predicted for the

known primary disorder
3. PCO2 and [HCO3

�] changing in opposite directions

Mixed acid-base disorders can be classified based on the origin
of the primary disturbances as mixed respiratory disturbances,
mixed nonrespiratory and respiratory disturbances, mixed nonres-
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Table 7.5. Characteristics of primary acid-base disturbances

Primary Compensatory
Disorder pH [H+] Disturbance Response 

Nonrespiratory acidosis d c d [HCO3
�] d PCO2

Nonrespiratory alkalosis c d c [HCO3
�] c PCO2

Respiratory acidosis d c c [PCO2] c [HCO3
�]

Respiratory alkalosis c d d [PCO2] d [HCO3
�]

Nonrespiratory is used in preference to metabolic. HCO3
�, sodium bicarbonate ion.



piratory disturbances, and triple disorders. They also can be clas-
sified based on their effect on a patient’s pH in additive combina-
tions, offsetting combinations, and triple disorders (Table 7.6).2 In
additive combinations, both primary disorders tend to change pH
in the same direction (e.g., respiratory acidosis and nonrespiratory
acidosis), whereas, in offsetting combinations, the primary disor-
ders tend to change the pH in opposite directions (e.g., respiratory
alkalosis and nonrespiratory acidosis). The final pH reflects the
dominant of the two offsetting disorders in offsetting combina-
tions.2 Detailed reviews of mixed acid-base disorders in domestic
animals have been presented elsewhere.2,13–15

Secondary or compensatory (adaptive) acid-base changes fre-
quently occur in response to most primary acid-base abnormali-
ties and aid in buffering or minimizing changes in plasma [H+].
Respiratory acid-base abnormalities, for example, are generally
compensated for by controlled, oppositely directed changes in
nonrespiratory function. In simple acid-base abnormalities such
as primary respiratory acidosis caused by hypoventilation, the
kidney compensates by producing nonrespiratory alkalosis.

Respiratory compensation in metabolic acid-base disorders is
obtained by changing alveolar ventilation and therefore changing
CO2 excretion by the lungs. Nonrespiratory acidosis is character-
ized by an increase in [H+], a decrease in blood [HCO3

�] and
pH, and a decrease in PCO2, caused by secondary hyperventila-
tion; whereas nonrespiratory alkalosis is characterized by a de-
crease in [H+], increase in blood [HCO3

�] and pH, and an in-
crease in PCO2, owing to compensatory hypoventilation.

In respiratory acid-base disorders, the compensation occurs in
two phases. The first phase consists of titration by nonbicarbon-
ate buffers, and the second phase reflects renal compensation of
the acid-base disorder, by increasing or decreasing HCO3

� and
Cl� excretion in the urine. Respiratory acidosis is characterized
by increased PCO2, increased [H+], decreased pH, and a compen-
satory increase in blood [HCO3

�]. CO2 accumulation is caused
by alveolar hypoventilation. Renal compensation occurs by titra-
tion of nonbicarbonate buffers, increase in net acid and Cl� ex-
cretion, and increase in HCO3

� reabsorption by the kidneys.6,14

Respiratory alkalosis is characterized by decreased PCO2, de-
creased [H+], increased pH, and a compensatory decrease in
blood [HCO3

�]. The initial compensation in respiratory alkalo-
sis is caused by release of H+ from nonbicarbonate buffers within
cells. The second phase is mediated by a compensatory decrease
in net acid excretion by the kidneys.14

When analyzing secondary changes in a given acid-base disor-
der, it is important to remember the following:

1. With the exception of chronic respiratory alkalosis, compen-
sation does not return the pH to normal.

2. Overcompensation does not occur.
3. Sufficient time must elapse for compensation to reach a

steady state, at which time the expected compensation can be
estimated using the formulas in Table 7.7.
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Fig. 7.5. Influence of independent variables on acid-base balance.
The dependent variables (H+ and OH�) are enclosed by the dashed
line. SID, strong ion difference.

Table 7.6. Classification of mixed acid-base disorders

Classification Effect on the pH

Mixed respiratory disorders
Acute and chronic respiratory acidosis Additive
Acute and chronic respiratory alkalosis Additive

Mixed respiratory and nonrespiratory disorders
Respiratory acidosis and nonrespiratory acidosis Additive
Respiratory acidosis and nonrespiratory alkalosis Offsetting
Respiratory alkalosis and nonrespiratory acidosis Offsetting
Respiratory alkalosis and nonrespiratory alkalosis Additive

Mixed nonrespiratory disorders
Nonrespiratory acidosis and nonrespiratory alkalosis Offsetting
Normal plus high anion gap nonrespiratory acidosis Additive
Mixed high anion gap nonrespiratory acidosis Additive
Mixed normal anion gap nonrespiratory acidosis Additive

Triple disorders
Nonrespiratory acidosis, nonrespiratory alkalosis, and Final pH is function of relative dominance of acidifying and 

respiratory acidosis alkalinizing processes
Nonrespiratory acidosis, nonrespiratory alkalosis, and 

respiratory alkalosis

FPO



Care should be exercised when dealing with cats because they
may not be able to compensate for nonrespiratory acidosis as
well as dogs.

The question that often arises when analyzing simple acid-
base abnormalities that demonstrate both respiratory acidosis and
nonrespiratory alkalosis is, “Which is the primary problem and is
there a secondary and/or compensatory event?” The answer is
not always obvious, although simple primary acid-base abnor-
malities change pH in the direction of the primary disorder. For
example, a patient with respiratory acidosis and compensatory
nonrespiratory alkalosis would have a pH that tended to be aci-
dotic (e.g., a pH of 7.31). Mixed respiratory and nonrespiratory
acid-base abnormalities are much more difficult to decipher, and
like simple acid-base abnormalities must be carefully evaluated
in the context of a patient’s signs, symptoms, and other available
diagnostic information.

Because nonrespiratory acidosis is so frequently associated
with disease processes in animals, indices of acid-base balance
have evolved that enable the nonrespiratory component of acid-
base abnormalities to be evaluated quantitatively. The standard
bicarbonate is the concentration of bicarbonate in plasma after
the whole blood sample has been equilibrated to a PCO2 of 40
mm Hg at 38°C. This index quantifies the nonrespiratory compo-
nent of any acid-base abnormality, because differences in the
standard bicarbonate from normal (approximately 25 mEq/L)
cannot be caused by changes in PCO2, which is held constant at
40 mm Hg at 38°C. Similarly, the base excess (BE) quantitates
the number of milliequivalents per liter of acid or base required
to titrate 1 L of blood to pH 7.40 while the PCO2 is held constant
at 40 mm Hg at 38°C. Both the standard bicarbonate and BE (or

deficit) can be determined from nomograms. The BE has a nor-
mal value of zero (±3) and is changed only by nonvolatile acids,
thereby indicating nonrespiratory acidosis. The numerical mag-
nitude of the BE is a guide to therapy:

Base (Na+HCO3
�) needed = 

(0.3) � (BE) � (body weight [kg])
(7.15)

where 0.3 = % body weight that is extracellular water.

Anion Gap
The anion gap (AG) is a useful tool to assess mixed acid-base
disorders.10,11,14 Chemically, there is no AG because electroneu-
trality must be maintained and the “anion gap” actually is the dif-
ference between the unmeasured anions (UA�) and unmeasured
cations (UC+). Following the electroneutrality law,

([Na+] + [K+] + [UC+]) � ([Cl�] + [HCO3
�] + 

[UA�]) = 0
(7.16)

or, when applied clinically,

AG = ([Na+] + [K+]) � ([Cl�] + [HCO3
�]) = 

[UA�] � [UC+]
(7.17)

Based on Equation 7.16, every time there is a decrease in
[HCO3

�], either [Cl�] or [UA�] must increase to maintain elec-
troneutrality. When titrated HCO3

� is replaced by Cl� in non-
respiratory acidosis, the difference ([UA�] � [UC+]; and con-
sequently the AG) will remain the same (called hyperchloremic
or normal AG acidosis). When titrated HCO3

� is replaced by
UA�, the difference ([UA�] � [UC+]; i.e., the AG) will increase
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Table 7.7. Expected compensatory responses in primary acid-base disorders

Disorder Primary  Change Expected Range of Compensation

Nonrespiratory acidosis d [HCO3
�] PCO2 = last 2 digits of pH � 100

�PCO2 = 1 � 1.13 (�[HCO3
�])

PCO2 = [HCO3
�] + 15

PCO2 = 0.7 [HCO3
�] ± 3 (dogs)

Nonrespiratory alkalosis c [HCO3
�] PCO2: variable increase

PCO2 = increases of 0.6 mm Hg for each new 1 mEq/L increase in [HCO3
�]

PCO2 = 0.7 [HCO3
�] ± 3 (dogs)

Respiratory acidosis
Acute c PCO2 Acute

[HCO3
�] increases 1 mEq/L and pH decreases 0.05 units for every 10 mm Hg 

increase in PCO2

[HCO3
�] = 0.15 PCO2 ± 2 (dogs)

Chronic c PCO2 [HCO3
�] increases 3.5 mEq/L and pH decreases 0.07 units for every 10 mm Hg 

increase in PCO2

[HCO3
�] = 0.35 PCO2 ± 2 (dogs)

Respiratory alkalosis
Acute d PCO2 [HCO3

�] falls 2 mEq/L and pH increases 0.1 units for each 10 mm Hg fall in PCO2

[HCO3
�] = 0.25 PCO2 ± 2 (dogs)

Chronic d PCO2 [HCO3
�] falls 5 mEq/L and pH increases 0.15 units for each 10 mm Hg fall in PCO2

[HCO3
�] = 0.55 PCO2 ± 2 (dogs)

HCO3
�, sodium bicarbonate ion.



while [Cl�] remains the same (called normochloremic or high
AG acidosis).2,15

Negatively charged proteins, phosphates, sulfates, and organic
acids (e.g., lactate, ß-hydroxybutyrate, acetoacetate, and citrate)
constitute the UA�.16 Usually an increase in AG implies an ac-
cumulation of organic acids in the body.17 An increase in AG also
occurs in alkalemia caused by an increase in the net negative
charge on serum proteins or in situations where concomitant non-
respiratory alkalosis or respiratory alkalosis overrides a high-AG
nonrespiratory acidosis.18,19 Hypoalbuminemia probably is the
only important cause of a decrease in AG, and each decrease in
albumin concentration by 1 g/dL generally produces a decrease
of approximately 3 mEq/L in the AG.

The AG concept has some limitations. The summation of
[Cl�] and [HCO3

�] is not acceptable based on principles of
chemistry.20 Each of these anions has a different activity coeffi-
cient partially because they are present in extracellular fluid at
concentrations that differ by a factor of more than 5 (i.e., [Cl�] =
110 mEq/L vs. [HCO3

�] = 21 mEq/L).20 Regardless, this simpli-
fication of the AG is helpful clinically (Table 7.8). The AG also
can change because of excessive exposure of serum to air, result-
ing in changes of 6.5 ± 2.3 mEq/L after 2 h.21 These changes are
more pronounced in patients with respiratory acidosis.20

[NA+] � [Cl�] Difference
Plasma Cl� and HCO3

� concentrations have a tendency to
change in the opposite direction in nonrespiratory alkalosis and
hyperchloremic acidosis, whereas sodium concentration tends to
remain normal in acid-base disturbances unless the primary dis-
order also affects water balance. The difference between sodium
and chloride concentrations ([Na+] � [Cl�]) is therefore useful
in the assessment of those nonrespiratory disturbances not asso-
ciated with an increase in unmeasured anions. The [Na+] � [Cl�]
is approximately 36 mEq/L. If [Na+] is normal, an increase in
this value is caused by hypochloremia and is an indication of

metabolic alkalosis, whereas a decrease in the [Na+] � [Cl�]
gradient is an indication of hyperchloremic acidosis.8 This differ-
ence, used in association with the AG, can be useful in identify-
ing the presence of a mixed metabolic process (Table 7.9).
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Table 7.8. Simple primary nonrespiratory acid-base disordersa

Nonrespiratory Respiratory
Disorder Na+ Cl� AG TCO2 Compensation Biochemical Profile 

Alkaloses
Hypoalbuminemia N N, d c No d Albumin
Hypochloremia c N c No d [Cl�] corrected
Concentration c N c Yes c [Na+]

Acidoses
Hyperalbuminemia N N, c d No c Albumin
Hyperphosphatemia N N, c d No c Inorganic phosphate
Hyperchloremia d N d Yes c [Cl�] corrected
Dilution d N d Yes d [Na+]
Organic N c d Yes Specific assays required

aNa+ � Cl� difference between sodium and chloride concentration; AG, anion gap; TCO2, total CO2; c, increase; N, normal; and d, decrease. See the text
for limitations in using Na+ � Cl� difference and AG.
From de Morais and Muir.11

Table 7.9. Relative changes in [Na+]0 and [Cl�]0 as an index of
disorders in hydration or acid-base balance or both

a. Proportionate change in [Na+]0 and [Cl�]0 are always due to
the disturbances of hydration alone.

Dehydration
[Na+]0 c and [Cl�]0 c

Overhydration
[Na+]0 d and [Cl�]0 d

b. Changes in [Cl�]0 without any change in [Na+]0 is always due
to disturbances of acid-base alone.

Respiratory acidosis or nonrespiratory alkalosis
[Na+]0 and [Cl�]0 d

Respiratory alkalosis or hypercholemic acidosis
[Na+]0 and [Cl�]0 c

c. Disproportionate changes in [Na+]0 and [Cl�]0 are due to
disturbances in both hydration and acid-base balance.

Dehydration plus respiratory acidosis or nonrespiratory 
alkalosis

[Na+]0 c and [Cl�]0
Dehydration plus respiratory alkalosis or nonrespiratory
acidosis

[Na+]0 c and [Cl�]0 cc

Overhydration plus respiratory alkalosis or hyperchloremic
acidosis

[Na+]0 d and [Cl�]0
Overhydration plus respiratory acidosis or nonrespiratory
alkalosis

[Na+]0 d and [Cl�] dd

Modified from Emmett and Seldin.30



Strong Ion Difference
A new theory of acid-base regulation was proposed in the early
1990s.8 According to this theory, [HCO3

�] and pH ([H+]) depend
on PCO2, the total concentration of plasma weak nonvolatile
acids ([Atot], composed mostly of albumin and inorganic phos-
phates), and the difference between the strong cations and the
strong anions (called the strong ion difference or SID) (Fig.
7.5).4,8 As was previously pointed out, strong ions are substances
that are completely dissociated in plasma at body pH. The most
important strong ions in plasma are Na+, K+, Ca2+, Mg2+, Cl�,
lactate, ß-hydroxybutyrate, acetoacetate, and sulfate. The influ-
ence of strong ions on pH and [HCO3

�] can always be expressed
in terms of the SID. An increase in SID correlates with nonrespi-
ratory alkalosis, whereas a decrease in SID correlates with non-
respiratory acidosis. Body homeostatic mechanisms indirectly
regulate [H+] (and pH) and [HCO3

�] by changing PCO2 (by
changes in alveolar ventilation relative to CO2 elimination rate)
and SID (by differential reabsorption of Na+ and Cl� in the kid-
neys). Although changes in [Atot] will change [HCO3

�] and [H+],
control of albumin production and inorganic phosphate concen-
tration is not primarily directed at acid-base homeostasis.

Simple acid-base disturbances occur when an abnormality in
one of the principal determinants of [H+] (e.g., PCO2, SID, or
[Atot]) is present.3,11,12 A simple acid-base disturbance includes
both the primary process and the compensatory response: That is,
if a sustained primary disturbance occurs in PCO2, a compensa-
tory change of regulated magnitude normally occurs in the SID
and vice versa. If the primary disturbance results from a change
in [Atot], however, renal or ventilatory compensation does not
occur.3

Clinical Disturbances
One method of classifying acid-base disturbances provides a
mechanistic view of the causative disturbances and integrates
serum electrolytes and albumin concentration into the interpreta-
tion of acid-base balance.7 Based on the preceding discussion,
the following conclusions can be made: (a) acid-base homeosta-
sis in body-fluid compartments is established based on the regu-
lation of independent variables, including PCO2, SID, and [Atot];
(b) acid-base disturbances are primarily caused by changes in
one or more of the independent variables; (c) acid-base status is
best determined by analysis of the independent variables; and (d)
the fundamental basis for therapeutic success or failure depends
on interventions that adjust the independent variables.3,22–25

Disorders of PCO2
Primary respiratory disturbances result from increases (respira-
tory acidosis) or decreases (respiratory alkalosis) in PCO2. CO2
tension can be changed by alveolar ventilation, which has a pro-
found effect on [HCO3

�] and [H+]. Approximately 50% of daily
variability of [HCO3

�] in normal dogs can be attributed to
changes in PCO2 alone. Because arterial PCO2 (PaCO2) is in-
versely related to alveolar ventilation, measurement of PaCO2
provides clinicians with direct information about the adequacy of

alveolar ventilation. Respiratory acidosis is therefore caused by
and synonymous with hypoventilation, whereas respiratory alka-
losis is caused by and synonymous with hyperventilation. The
principal disorders associated with respiratory acidosis are air-
way obstruction, respiratory-center depression (e.g., drugs or
neurological disorders), cardiopulmonary arrest (PaCO2 may be
below normal during cardiopulmonary resuscitation), neuromus-
cular diseases, diaphragmatic hernia, chest wall trauma, and in-
adequate mechanical ventilation. Therapy for respiratory acido-
sis should be directed toward the elimination of the underlying
cause of alveolar hypoventilation. Ventilatory assistance should
be provided when necessary. Respiratory acidosis is not an indi-
cation for bicarbonate therapy. Administration of sodium bicar-
bonate (NaHCO3) will decrease [H+] and decrease ventilatory
drive, thus worsening hypoxemia and hypercapnia. The underly-
ing cause of hypercapnia in patients with chronic pulmonary dis-
ease cannot usually be removed, but appropriate treatment of the
underlying disease should be attempted.

The principal causes of respiratory alkalosis are hypoxia, low
cardiac output, severe anemia, pulmonary disease (stimulation of
peripheral reflexes, e.g., pneumonia), hyperventilation mediated
by the central nervous system (e.g., drugs, central nervous sys-
tem inflammation or tumor, liver disease, fear, or pain), and
overzealous mechanical ventilation. Hypocapnia itself is not a
major threat to the well-being of patients with respiratory alkalo-
sis. The arterial pH in chronic primary respiratory alkalosis is
usually normal or slightly alkalemic owing to efficient renal
compensation in this setting. Therapy for the underlying disease
responsible for hypocapnia should be the primary focus in pa-
tients with respiratory alkalosis.

Increases in Alveolar-Arterial Oxygen
Difference
The alveolar-arterial oxygen difference [P(A-a)O2 gradient] may
be useful in differentiating intrinsic pulmonary disease from ex-
trapulmonary disease in animals with hypoxemia. The (A-a) gra-
dient estimates the difference between the PO2 in the alveoli
(PAO2) and the arterial blood (PaO2). It can be calculated clini-
cally as (A-a) gradient = (150 � 1.25 · PaCO2) � PaO2. In nor-
mal animals at sea level, the P(A-a)O2 gradient should be less
than 15 mm Hg, although values up to 25 mm Hg have been con-
sidered normal.

Hypoxia can be caused by hypoventilation, decreased partial
pressure of inspired O2 (PiO2), diffusion impairment, ventilation-
perfusion mismatch, and right-to-left shunts. The P(A-a)O2 gra-
dient will be normal in patients with either hypoventilation or de-
creased PiO2 (e.g., residence at high altitude) because they still
have normal lung function. Patients with hypoventilation have an
increase in PCO2, whereas patients breathing air with a low PiO2
have a below-normal PCO2 (hyperventilating). In contrast, the
P(A-a)O2 gradient is increased in patients with diffusion impair-
ment (rarely recognized in veterinary medicine), ventilation-
perfusion mismatch, and right-to-left shunt. Administration of
100% oxygen will usually improve hypoxemia in patients with
ventilation-perfusion mismatch, but not in patients with signifi-
cant right-to-left shunt.
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Disorders in [Atot]
Albumin and inorganic phosphate are nonvolatile weak acids and
collectively are the major contributors to [Atot] (Fig. 7.5).24

Consequently, changes in their concentrations will change [H+].
Hypoalbuminemia will tend to decrease [Atot] and cause a non-
respiratory alkalosis. Although rare, an increase in albumin con-
centration can cause nonrespiratory acidosis, owing to an in-
crease in [Atot]. Phosphate is the second most important
component of [Atot] and is normally present in plasma at a low
concentration. Severe hyperphosphatemia can cause a large in-
crease in [Atot], which can result in nonrespiratory acidosis. The
treatment for hyperphosphatemic acidosis, hyperalbuminemic
acidosis, and hypoalbuminemic alkalosis should be directed at
the underlying cause. The administration of sodium bicarbonate
shifts phosphorus into cells and can be used as adjuvant therapy
in patients with hyperphosphatemic acidosis.25

Disorders in Strong Ion Difference
Changes in SID usually are recognized by changes in [HCO3

�]
or BE.26 A decrease in SID is associated with nonrespiratory aci-
dosis, whereas an increase in SID is associated with nonrespira-
tory alkalosis. There are three general mechanisms by which SID
can change (Table 7.10): (a) changing the free-water content of
plasma, (b) changing the Cl� concentration, and (c) increasing
the concentration of unidentified strong anions (XA�).

Free-Water Abnormalities
Changing the water content of the various body-fluid compart-
ments will dilute or concentrate both strong anions and cations.
Consequently, SID will change by the same proportion. Changes
in free water can be identified by evaluating the [Na+]. An in-
crease in SID caused by increases in [Na+] results in concentra-
tion alkalosis, whereas a decrease in SID caused by decreases in
[Na+] results in dilution acidosis. It has been suggested that
changes in extracellular fluid (ECF) volume alone lead to acid-
base disturbances. However, change in ECF volume by itself
does not change SID, PCO2, or [Atot] and therefore cannot
change acid-base status.4 The so-called contraction alkalosis be-
lieved to be caused by a decrease in ECF volume is in reality
caused by a primary decrease in [Cl�].10,27 The principal causes
of concentration alkalosis and dilution acidosis are listed in
Table 7.11.

Therapy for dilution acidosis and concentration alkalosis
should be directed at treating the underlying cause responsible
for changing [Na+]. If necessary, [Na+] and osmolality should be
corrected.1 Nonrespiratory acidosis should be treated only in pa-
tients with more severe acidemia (pH < 7.2).

Isonatremic Chloride Abnormalities
If there is no change in the water content of plasma, plasma [Na+]
will be normal. Other strong cations (e.g., K+) are regulated for
purposes other than acid-base balance, and their concentration
never changes sufficiently to affect SID substantially.4

Consequently, SID changes only as a result of changes in strong
anions when water content is normal. If [Na+] remains constant,
changes in [Cl�] can substantially increase or decrease
SID.21,22,28 Evaluation of [Cl�] must be considered in conjunc-
tion with measurement of [Na+] because [Cl�] can change for
reasons other than a change in water balance.21,28 Patient [Cl�]
is therefore “corrected” for changes in [Na+], applying a formula
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Table 7.10. Disorders in strong ion difference

Free-water abnormalities
Increase in [Na+] b Concentration alkalosis
Decrease in [Na+] b Dilution acidosis

Chloride abnormalities
Decrease in [Cl�] corrected b Hypochloremic alkalosis
Increase in [Cl�] corrected b Hyperchloremic acidosis 

Unmeasured strong anion abnormalities
Increase in [XA�] b Organic acidosis

[XA�], unidentified strong anions.

Table 7.11. Principal causes of free-water abnormalities

Concentration alkalosis (c [Na+])
Pure-water deficit

Primary hypodipsia
Diabetes Insipidus
Fever
Inadequate access to water

High environmental temperature
Hypotonic fluid loss

Vomiting
Peritonitis
Pancreatitis
Nonoliguric renal failure
Postobstructive diuresis

Sodium gain
Salt poisoning
Hypertonic fluid administration (e.g., hypertonic saline, 

sodium bicarbonate)
Hyperaldosteronism
Hyperadrenocorticism

Dilution acidosis (d [Na+])
Severe liver disease
Nephrotic syndrome
Advanced renal failure
Congestive heart failure
Psychogenic polydipsia
Excessive sweating in horses
Hypotonic fluid administration (e.g., 0.45% sodium chloride 

solution)
Vomiting
Diarrhea
Uroabdomen
Hypoadrenocorticism
Diuretic administration

Adapted from de Morais and Muir.11



developed for use in people and adapted for use in small and
large animals:11,27,29

[Cl�] corrected = [Cl�] � [Na+] normal/[Na+] (7.18)

where [Cl�] and [Na+] are the patient Cl� and Na+ concentra-
tions. The normal [Na+] is the normal Na+ concentration for the
species being evaluated. Suggested values for [Na+] in dogs are
146 and 147 mEq/L, whereas for cats they range from 150 to 156
mEq/L.11,28 In large animals, normal [Na+] is approximately 136
mEq/L in horses and 144 mEq/L in cattle.24 Normal [Cl�] is ap-
proximately 107 to 113 mEq/L for dogs, 117 to 123 mEq/L for
cats, 97 to 103 mEq/L for horses, and 101 to 107 mEq/L for cat-
tle.10,24,28 These values may vary for different laboratories and
different analyzers. An increase or decrease in corrected [Cl�]
indicates that Cl� is responsible at least in part for the changes in
SID. An increase in corrected [Cl�] (i.e., an increase in [Cl�] rel-
ative to [Na+]) results in a hyperchloremic nonrespiratory acido-
sis, whereas a decrease in corrected [Cl�] (i.e., a decrease in
[Cl�] relative to [Na+]) results in hypochloremic nonrespiratory
alkalosis. A [Cl�] corrected to normal in the presence of abnor-
mal observed [Cl�] indicates that SID changes are caused by di-
lution acidosis or concentration alkalosis.

The principal causes of hyperchloremic acidosis and hypo-
chloremic alkalosis are listed in Table 7.12. Treatment of hyper-
chloremic acidosis should be directed at correction of the under-
lying disease. Administration of NaHCO3, when needed, will
tend to correct hyperchloremic acidosis because this solution has
an SID greater than plasma.

Chloride-responsive hypochloremic alkalosis can be caused by
excessive loss of Cl� relative to Na+ or by administration of sub-
stances containing more Na+ than Cl� compared with ECF (e.g.,
NaHCO3). The former can occur following the administration of
diuretics that cause Cl� wasting (e.g., furosemide) or when the
lost fluid has a low or negative SID, as in the case of vomiting of
stomach contents. Chloride administration is essential in the
treatment of chloride-responsive hypochloremic alkalosis. Renal
Cl� conservation is ordinarily enhanced in hypochloremic states
and renal Cl� reabsorption does not return to normal until
plasma Cl� concentration is restored to normal or near normal.22

In cases where expansion of extracellular volume is desired, in-
travenous infusion of 0.9% NaCl is the treatment of choice. This
solution has an SID of 0 and will decrease plasma SID.4 If hy-
pokalemia is present, KCl should be added to the fluid. When
volume expansion is not necessary, Cl� can be administered
using salts without Na+ (e.g., ammonium chloride, potassium
chloride, calcium chloride, and magnesium chloride. These salts
will correct the alkalosis because Cl� is given together with
cations that are regulated within narrow limits for purposes unre-
lated to acid-base balance.4 Chloride-resistant hypochloremic al-
kalosis can be caused in animals by hyperadrenocorticism and
primary hyperaldosteronism. In these diseases, increased miner-
alocorticoid activity causes sodium retention and urinary chlo-
ride loss, both of which will increase SID. Because of the in-
creased chloruresis, administration of chloride will not correct
the metabolic alkalosis. Fortunately, metabolic alkalosis in these
patients is usually very mild.

Isonatremic Organic Acid Abnormalities
Accumulation of metabolically produced organic anions (e.g.,
lactate, acetoacetate, citrate, or ß-hydroxybutyrate) or addition of
exogenous organic anions (e.g., salicylate, glycolate from ethyl-
ene glycol poisoning, and formate from methanol poisoning) will
cause nonrespiratory acidosis because these strong anions de-
crease SID.22 Addition of some inorganic strong anions (e.g.,
SO4

2� during renal failure) will resemble organic acidosis be-
cause these substances decrease SID without changing elec-
trolytes.1,11 The most frequently encountered causes of organic
acidosis are listed in Table 7.13.

Treatment of organic acidosis should be directed toward the
primary disorder and stabilization of the patient.1 Sodium bicar-
bonate should be used cautiously because metabolism of accu-
mulated organic anions will normalize SID and increase
[HCO3

�]. The initial goal in patients with severe organic acido-
sis is to raise systemic pH to 7.2.

Estimation of Strong Anion
Concentration
Organic acidosis increases the AG, whereas hyperchloremic aci-
dosis does not. The AG is used clinically to estimate the concen-
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Table 7.12. Principal chloride disorders

Hypochloremic alkalosisa (d [Cl�] corrected)
Excessive loss of chloride relative to sodium

Vomiting of stomach contents
Gastric reflux in horses with ileus
Abomasum torsion (ruminants)
Vagal indigestion with internal vomiting (ruminants)
Therapy with thiazides or loop diuretics
Hyperadrenocorticism

Excessive gain of sodium relative to chloride
Sodium bicarbonate therapy

Hyperchloremic acidosisb (c [Cl�] corrected)
Excessive loss of sodium relative to chloride

Diarrhea
Excessive gain of chloride relative to sodium

Fluid therapy (e.g., 0.9% NaCl, KCl supplemental fluids)
Salt poisoning
Total parenteral nutrition
Ammonium chloride or potassium chloride therapy

Chloride retention
Renal failure
Renal tubular acidosis

Hypoadrenocorticism
Diabetes mellitus
Drug induced (e.g., acetazolamide, spironolactone)

aChronic respiratory acidosis will cause a compensatory decrease in
corrected [Cl�].
bChronic respiratory alkalosis will cause a compensatory increase in
corrected [Cl�].
Adapted from de Morais and Muir.11



tration of “unmeasured anions” (UA�). Unfortunately, UA� in-
cludes the strong anions (XA�) and weak (variable charges of al-
bumin and phosphates) unmeasured anions. The AG is therefore
influenced by the concentration of plasma proteins, and changes
in albumin concentration significantly change AG.4 Hyperphos-
phatemia may also increase the AG. The AG will change second-
arily to changes in PCO2, SID, or [Atot].

3 Thus, changes in AG do
not always reflect a stoichiometric change in UA� even in the
presence of organic acidosis. Two mathematical models have
been developed for estimation of XA� in humans.16,22,26 One of
these models has been used in evaluating acid-base disorders in
veterinary medicine.10,11,28 Both models, however, still need to
be validated in domestic animals. The history (e.g., ingestion of
ethylene glycol); the clinical condition (e.g., shock); increases in
serum creatinine concentration, blood urea nitrogen, or serum
glucose; and the presence of ketonuria may help in establishing
a diagnosis of organic acidosis. The measurement of plasma lac-
tate concentration may be attempted in patients with suspected
lactic acidosis.

Evaluations of Acid-Base Balance
A stepwise approach should be followed in all animals with sus-
pected acid-base disorders.1,29 After obtaining the samples, the
first step is to determine the pH and the nature of the primary dis-
order from the blood-gas analysis results. The possibility of a
mixed respiratory and nonrespiratory acid-base disorder should
be assessed by calculating the expected compensation (Table
7.7). If a nonrespiratory acid-base disorder is present, it should
be determined whether it is caused by a change in [Atot], SID,
XA�, or a combination of these factors. Unfortunately, evalua-
tion of changes in SID caused by increases in [XA�] is not
straightforward. An increase in [XA�] may be suspected in aci-
dotic patients with diseases known to be associated with organic
acidosis (e.g., renal failure and diabetic ketoacidosis). Measure-
ment of lactate concentration enables one of the many XA� to be
quantified. When blood-gas results are not available, the bio-

chemical profile may help in determining the nonrespiratory ab-
normalities present (Tables 7.8 and 7.14).12,29

Two quantitative clinical approaches for assessment of nonres-
piratory acid-base disturbances have been proposed, one based
on the use of BE and the other based on a mathematical relation-
ship to estimate SID. BE has been used to assess changes in the
nonrespiratory component because SID is synonymous with
buffer base. BE is a measurement of the deviation of buffer base
(and therefore SID) from normal values. It should be pointed out,
however, that Siggaard-Andersen studied blood, not plasma, and
protein was not considered an acid-base variable. The BE has
been used clinically for decades to assess the nonrespiratory
acid-base status in humans.3,4 Formulas to estimate changes in
BE due to changes in SID and [Atot] are presented in Table 7.14.
These formulas are helpful in understanding complex acid-base
disorders in domestic animals.11,24,29 In the 1990s, a new mathe-
matical approach was developed to evaluate nonrespiratory acid-
base disorders.15 The XA� obtained by using this mathematical
model is not constrained by the limitations mentioned earlier for
the AG and UA�. Despite being very promising for assessment
of nonrespiratory acid-base disorders, this model and the BE
model were developed by using protein behavior of human albu-
min. However, calculation of SIDeff in this model is not simple
and may be clinically impractical.15
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Body-Fluid and Electrolyte
Composition
At birth, total body water is more than 75% of body weight.
Maturational changes result in reductions of total body-water
content to 60%–66% of adult body weight.1–5 Lower water con-
tent can be anticipated to exist in older or obese patients. Total
body water is comprised of intracellular and extracellular com-
partments. The intracellular fluid volume increases slightly with
age, and in mature animals it is equivalent to approximately 40%
of body weight. The volume of the extracellular fluid compart-
ment decreases with maturation and accounts for 20% of the
weight of adult animals.2 The extracellular fluid compartment is
further divided into the interstitial, plasma or intravascular, and
transcellular fluid compartments. The water volume in the inter-
stitial compartment accounts for 15% of a mature animal’s
weight, whereas plasma water volume approximates 5%. Plasma
consists of water, electrolytes, proteins, nutritive substances, and
metabolites. Plasma water volume constitutes 5% of the body
weight and approximately 50% of the total blood volume (Table
8.1). The transcellular fluid compartment consists of joint and
cerebrospinal fluid (CSF) in addition to water located within the
eye and pleural, peritoneal, and pericardial spaces and approxi-
mates 1.0% to 3.0% of body weight.

Constituents of the various fluid compartments are listed in
Table 8.2. Chemical substances that dissociate in solution to form
electrically charged particles or ions are electrolytes. Their con-
centrations in solution are generally expressed in millimoles per
liter (mmol/L) or as milliequivalents per liter (mEq/L). Sodium is
the most important extracellular cation, whereas chloride and bi-
carbonate are the primary extracellular anions. Together, these
ions form more than 90% of the total solute within the extracel-

lular fluid compartment.6–8 Plasma proteins, which at a vascular
pH of 7.4 have a net negative charge, play a key role in the main-
tenance of intravascular fluid volume. The primary intracellular
ions are potassium, magnesium, and phosphate. Cytoplasmic
proteins play a role in the maintenance of intracellular electric
neutrality. Even though the cell membrane is freely permeable to
sodium and potassium, the sodium-potassium pump maintains a
concentration gradient for each cation across the cell membrane.
Thus, sodium salts serve as an osmotic skeleton for the extracel-
lular fluid volume while potassium salts serve the same function
in the intracellular space. In addition to maintaining electric neu-
trality, ionic concentration differences on either side of the semi-
permeable cell membrane perform a key role in the normal phys-
iological function of excitable cells.

Movement of body water throughout, and between, compart-
ments occurs by osmosis, which is the process by which the net
movement of water occurs due to concentration gradients across
a semipermeable membrane. The pressure required to prevent
water movement across semipermeable membranes is defined as
the osmotic pressure, which depends on the number of nondif-
fusible, nondifferentiable particles such as ions or molecules in
solution, and not their mass. To express the concentration of these
particles in terms of their numbers, the unit called the osmole
(osm) is used: 1 osm is equivalent to 1 g mol of nondiffusible and
nonionizable substance. Osmolality is the osmolal concentration
of a solution when the concentration is expressed in osmoles per
kilogram (osm/kg) of water. In contrast, osmolarity is the concen-
tration of a solution when expressed in osmoles per liter (osm/L)
of water. Both terms are often used interchangeably in respect to
discussions of fluid balance and therapy: 1 milliosmole (mOsm)
per liter exerts an osmotic pressure of 19.3 mm Hg.

Total body water is determined by the number of osmotically
active agents in both compartments.9 Water distribution across
the intracellular and extracellular compartments depends on os-
motic equilibrium between the two compartments. More than
80% of the osmolality of the extracellular fluid compartment is
determined by sodium and its associated anions.10 As a result,
sodium regulation plays a major role in extracellular fluid osmo-
lality and extracellular fluid volume. The various cardiovascular,
renal, and neurohormonal mechanisms that function in an inte-
grated fashion to maintain and preserve sodium and water homeo-
stasis are discussed elsewhere.11,12 Of the intracellular fluid
compartment’s osmolality, 50% is determined by potassium,
whereas the remainder is exerted by other intracellular constitu-
ents. Disturbance in osmolality of either compartment results in

185

Chapter 8

Fluid, Electrolyte, and 
Blood Component Therapy
David C. Seeler



a rapid shift in water balance in order that equilibrium between
the two compartments is reestablished. For example, increases in
extracellular osmolality, owing to either pure water loss or the
gain of osmotically active agents, result in water movement from
the intracellular compartment into the extracellular fluid space
until an osmotic equilibrium is reached. Plasma electrolyte and
osmolality values for the various domestic species are listed in
Table 8.3.

Within the extracellular fluid space, plasma water communi-
cates directly with water in the interstitial space at the level of the
capillary beds. The direction and magnitude of water movement
between the interstitial and intravascular spaces are determined
by the algebraic sum of hydrostatic and osmotic forces in each
compartment as originally described by Starling.13,14 The capil-
lary walls are freely permeable to sodium, chloride, and glucose.
As a result, these substances are osmotically inactive across cap-
illary membranes. However, plasma proteins are limited in their
ability to cross capillary membranes. Blood or plasma volume ul-
timately is maintained by the colloid osmotic pressure or plasma
oncotic pressure exerted by plasma proteins. Colloid osmotic
pressure is approximately 23 mm Hg and results in a plasma os-
molarity of 1.5 mOsm/L greater than that found in the interstitial
or intracellular fluid spaces.7 Despite that, the net forces in the

capillary beds lead to a net filtration of a small amount of fluid
into the interstitial space. This loss is balanced by fluid return to
the intravascular space through the lymphatic system.9,13

Alterations in volume or composition of either the extracellu-
lar or intracellular fluid compartments are readily assessed if a
number of basic principles are followed. It is important to re-
member that the osmolalities of both compartments are at equi-
librium except for a brief period (minutes) after a change in one
of the compartments. Fluids are defined as isotonic, hypotonic,
or hypertonic based on their effect on erythrocyte size or volume.
Isotonic solutions exert no volume changes on erythrocytes,
whereas hypotonic solutions increase erythrocyte size and hyper-
tonic solutions decrease erythrocyte size. Administration of iso-
tonic solutions to the intravascular space does not alter the osmo-
lality of the extracellular fluid. As a result, there is no net osmotic
effect, and only the volume of the extracellular fluid compart-
ment is expanded. Parenteral administration of hypotonic solu-
tions, however, reduces extracellular fluid osmolality and results
in the osmotic movement of water into the intracellular compart-
ment. Similarly, hypertonic solutions increase the osmolality of
extracellular fluids, which causes a fluid shift out of the intracel-
lular compartment.

Secondly, the number of osmotically active agents in either
compartment remains constant unless one of the substances
moves from one to the other compartment or is added or lost
from either of the compartments. In this instance, sodium or
potassium imbalances or acid-base or metabolic disorders can in-
duce compositional changes that affect fluid balance between
compartments.

Composition of Parenteral Solutions
Crystalloid Preparations
The term crystalloid refers to any solution of crystalline solids
that are dissolved in water, such as sodium-based electrolyte so-
lutions or solutions of dextrose in water. If the electrolyte com-
position of the prepared solution approximates that of the extra-
cellular fluid, then the parenteral fluid is referred to as a balanced
electrolyte solution. Multiple or balanced electrolyte solutions
are formulated based on the concept that the amount of water and
electrolytes that a patient retains depends on intact regulatory
mechanisms in the body, not on the amount of water and elec-
trolytes received. Commercial preparations are available as inex-
pensive sterile nonpyrogenic isotonic, hypotonic, or hypertonic
solutions. The composition of each solution varies according to
its intended purpose. Parenteral fluids provide water, electro-
lytes, and, in some instances, alkalinizing agents or a source of
calories or both. Solutions that are polyelectrolytic have value in
maintaining or replenishing electrolytes. Those preparations that
contain lactate, acetate, or gluconate produce an alkalinizing ef-
fect when the anion is metabolized to carbon dioxide and water.

Maintenance Solutions
Daily water loss includes the insensible loss through evaporation
from the respiratory system and skin, as well as sensible losses in
which there is an associated obligatory loss of electrolytes. For
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Table 8.1. Approximate vascular fluid volumes (mL/kg) in mature
species.

Species Plasma Volume Total Blood Volume

Bovine 38 57–60
Canine 50 88
Caprine 53 70
Equine

Thoroughbred 61 100
Other 72

Feline 47 68
Ovine 50 60
Porcine 47 50

Table 8.2. Electrolyte distribution across fluid compartments
(mEq/L).

Ion Plasma Interstitial Intracellular

Na+ 142 145 13
K+ 5 4 155
Ca2+ 5 3 2
Mg2+ 2 2 35
Cl� 106 115 2
HCO3

� 24 30 10
Phosphates 2 2 113
Sulfates 1 1 20
Organic 5 5 0
Protein 16 1 60



many domestic species and birds, the daily maintenance water
requirement ranges from 40 to 60 mL/kg/day, whereas, in calves,
it ranges from 80 to 100 mL/kg/day.15–20 The daily requirement
for nonlactating dairy cows and lactating cows has been esti-
mated at 29 L/day and 56 L/day, respectively.21 The net daily loss
of sodium in small animals ranges from 35 to 50 mmol/L (35 to
50 mEq/L), whereas daily potassium losses are 20 to 30 mmol/L
(20 to 30 mEq/L).15

Maintenance solutions are designed to meet the water and
electrolyte requirements of patients that are not taking in ade-
quate amounts sufficient to meet their daily requirements. To
meet these specific requirements, maintenance solutions have
lower sodium and chloride concentrations and an increased
potassium concentration when compared with extracellular fluid.
If the concentration of potassium in the parenteral solution is less
than 20 mmol/L (20 mEq/L), then the maintenance fluid may be
supplemented with additional potassium.

Infusion rates up to 15 mL/kg/h are safe as long as the potas-
sium concentration in the parenteral solution is less than 30
mmol/L (30 mEq/L).22 Hypotonic preparations, or solutions that
contain dextrose, provide free water. Isotonic salt solutions pro-
vide osmolar water instead of free water. In the case of solutions
containing dextrose, free water is not available to all body com-
partments until the dextrose has been metabolized. Maintenance
fluids are generally administered over a 24-h period. These solu-
tions should not be used in situations where large volumes are to
be rapidly infused, because this could result in significant elec-
trolyte abnormalities in the extracellular fluid.

Replacement Solutions
The composition of isotonic, balanced electrolyte solutions such as
lactated Ringer’s USP closely approximates the electrolyte compo-
sition of extracellular fluid. These solutions may be administered
rapidly in large volumes to reexpand the extracellular fluid volume
without inducing changes in its electrolytic composition. Since
they are isotonic, their use does not induce fluid shifts between the
intracellular and extracellular compartments. Balanced electrolyte
solutions will rapidly equilibrate across the intravascular and inter-
stitial fluid compartments. As a result, only 20% to 25% of the ad-
ministered volume remains within the intravascular space after 1
h.10 This must be considered when using replacement fluids to re-
plenish intravascular volume losses. To replace the vascular deficit,
it is necessary to administer a volume equivalent to at least three-
to fourfold the volume of blood lost.23 Many of the preparations
presently available contain lactate, acetate, or gluconate, which
serve as alkalinizing agents. Acid-base considerations in situations
in which patients require acute care are discussed in Chapter 7.

Replacement solutions are often used as maintenance fluids. In
this situation, normal renal function should be present to ensure
that electrolytes in excess of daily requirements are eliminated.
Long-term management of a patient’s maintenance requirements
with a replacement solution may cause hypokalemia. In this in-
stance, replacement solutions should be supplemented with
potassium chloride to provide a final potassium concentration of
20 mmol/L (20 mEq/L). Replacement fluids that have been sup-
plemented with potassium chloride should not be used in clinical
situations where large volumes may be rapidly infused.
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Table 8.3. Fluid and electrolyte panel: Normal values for chemistry and hematologic data at the Atlantic Veterinary College.

Unitsa Canine Feline Bovine Equine Porcine Ovine

Sodium mmol/L 144–162 150–160 135–151 135–148 140–150 143–151
Potassium mmol/L 3.6–6.0 4.0–5.8 3.9–5.9 3.0–5.0 4.7–7.1 4.6–7.0
Chloride mmol/L 106–126 118–128 96–110 98–110 100–105 102–116
Calcium mmol/L 2.24–3.04 2.23–2.80 2.11–2.75 2.80–3.44 1.80–2.90 2.30–2.86
Phosphorus mmol/L 0.82–1.87 1.03–1.92 1.08–2.76 1.00–1.80 1.30–3.55 0.82–2.66
Magnesium mmol/L 0.70–1.16 0.74–1.12 0.80–1.32 0.74–1.02 0.78–1.60 0.9–1.26
Urea mmol/L 3.0–10.5 5.0–11.0 3.0–7.5 3.5–7.0 3.0–8.5 2.0–10.0
Creatinine µmol/L 60–140 90–180 67–175 105–170 90–240 69–105
Glucose mmol/L 3.3–5.6 3.3–5.6 1.8–3.8 3.6–5.6 3.6–5.3 1.2–3.6

Total protein g/L 51–72 68–80 66–78 60–77 34–60 61–81
Albumin g/L 22–38 22–38 23–43 25–36 18–22 27–39
Albumin-globulin ratio — 0.60–1.50 0.60–1.50 0.66–1.30 0.60–1.50 0.60–1.50 0.54–1.22

Hemoglobin g/L 120–180 80–150 80–150 110–190 100–160 80–160
Hematocrit L/L 0.37–0.55 0.24–0.45 0.24–0.46 0.32–0.52 0.32–0.50 0.24–0.50
Red blood cells �1012/L 5.5–8.5 5.0–10.0 5.0–10.0 6.5–12.5 5.0–8.0 8.0–16.0
Reticulocytes % 0–1.5% 0–1% 0% 0% 0–1% 0%
Platelets �109/L 200–900 300–700 100–800 100–600 310–510 250–750
Calculated osmolality mOsm/kg 280–320 280–320 274–306 280–320 280–320 283–307

Anion gap mmol/L 14–26 13–26 14–26 10–25 10–25 12–24

aFactors used to convert SI units to conventional units are listed in Table 8.6.



Other Parenteral Solutions
Isotonic and Hypotonic Saline Isotonic saline, which is pre-
pared as a 0.9% solution that contains 154 mmol/L (154 mEq/L)
each of sodium and chloride ions and has an osmolarity of 308
mOsm/L, is often referred to as normal or physiological saline.
However, only the sodium-ion concentration of the preparation
matches that of extracellular fluid. The use of 0.9% sodium chlo-
ride solutions has been advocated for maintenance and replace-
ment purposes. Isotonic saline does not meet the patient’s free-
water and electrolyte needs for maintenance purposes. It may be
used for rapid expansion of the extracellular fluid volume despite
the possibility of inducing a hyperchloremic acidosis in pa-
tients.24–26 Similar to other crystalloid solutions, intravenously
administered saline solutions rapidly distribute throughout the
extracellular fluid space. However, their composition does not
match that of extracellular fluid, and excessive use of isotonic
saline for replacement purposes could lead to the unnecessary di-
lution of other extracellular electrolytes and buffers. Isotonic
saline may also be used to correct hyponatremia or a metabolic
alkalemia.

Hypotonic saline solutions are available in a number of
strengths. Commercial preparations of 0.45% saline are hypo-
tonic (osmolarity, 154 mOsm/L) and may be used as a hydrating
solution. Hypotonic saline preparations may be used for mainte-
nance purposes, particularly when they are supplemented with
dextrose, potassium chloride, or both. When 2.5% dextrose is
added to 0.45% saline, the resultant solution is isotonic. Upon
metabolism of the dextrose, free water is made available for dis-
tribution across all fluid compartments.

Hypertonic Saline Traditionally, solutions of 3% and 5% saline
have been used to treat patients who have severe hyponatremia
where rapid sodium replacement is considered necessary. More
recently, hypertonic saline solutions have been used successfully
to manage severe shock, particularly hemorrhagic shock.27–33 In
situations in which a patient is moribund or critically ill, the infu-
sion of small volumes of hypertonic saline enables the clinician to
obtain the time required to institute other lifesaving measures.
Hypertonic saline solutions of 7.5% have been used for this pur-
pose. The osmolarity of 7.5% saline is 2400 mOsm/L. To prepare
7.5% saline, it is necessary to purchase 5% saline in 500-mL bags
and 23.4% saline in 30-mL bottles (American Reagent Labs,
Shirley, NY; Lyphomed Canada, Markham, Canada). Remove
120 mL of 5% saline from the 500-mL bag and inject 60 mL of
the 23.4% saline solution into the bag to make a 7.5% solution.27

The mechanisms by which hypertonic saline exerts its physio-
logical effects are still subject to some debate.33–38 Overall
changes attributed to hypertonic saline in the past included im-
proved cardiac output and aortic blood pressure, reduced periph-
eral vascular resistance, an increase in plasma volume with he-
modilution, and an increase in interstitial fluid volumes. These
overall improvements in cardiovascular function and tissue per-
fusion were attributed to the direct and indirect effects of the in-
fused hypertonic saline solution.16,30,31,35,36,39–41 It had also been
postulated that the sodium administered in the hypertonic solu-
tion stimulates pulmonary osmoreceptors or chemoreceptors,

thus activating a pulmonary vagal reflex. However, it has been
pointed out that pulmonary reflexes have not been induced by
using hypertonic saline in any species other than dogs anes-
thetized with pentobarbital.33 Selective activation of sympathetic
pathways was also thought to occur, resulting in venoconstriction
of capacitance vessels, leading to improved cardiac filling along
with selective precapillary vasoconstriction in skin and muscle,
thus redistributing blood volume within the vascular space.36

It is now apparent that hypertonic saline exerts its beneficial
effects through plasma volume expansion coupled with a tran-
sient decrease in afterload. Vasodilation occurs in some vascular
beds because of the direct hyperosmotic effect of the solution.
This reduces total peripheral resistance and enhances perfusion
of vital organs.30,36,39 Upon administration, hypertonic saline
equilibrates rapidly throughout the extracellular fluid space.
Because of the increase in extracellular fluid osmolality caused
by the hypertonic solution, water moves out of the intracellular
fluid compartment. As a result, the extracellular fluid com-
partment volume is expanded. Solutions of 7.5% saline, when
infused intravenously into dogs, have been demonstrated to in-
crease plasma volume 2 to 4 mL for 1 mL of solution adminis-
tered.30 The maximum vascular volume expansion occurs within
30 min of the administration of the hypertonic saline solution.
These fluid shifts produce an intracellular water debt and an
eventual decrease in total body water because of the obligatory
water loss associated with natriuresis.35,42

The intravenous administration of 4 to 8 mL/kg in dogs or 1 to
4 mL/kg in cats of 7.5% saline over 3 to 5 min results in a rapid
restoration of hemodynamic parameters with subsequent im-
provements in tissue perfusion.15,28,34,43,44 It has been suggested
that in dogs an infusion rate of 2 mL/kg/min be used to reduce
the possibility of inducing acute hypotension.39 In conscious
horses, 5 mL/kg of 7.5% saline was infused at rates of 80
mL/min with no adverse effects noted.45 In ruminants, it has been
suggested that the rate of administration of 4 to 5 mL/kg of hy-
pertonic saline not exceed 1 mL/kg/min.33,46 Since relatively
small volumes are infused, clinicians need not worry about fluid
overload or the development of interstitial edema in patients.
However, hypertonic saline solutions should not be used in situ-
ations where cardiac dysrhythmias exist, if hemorrhage is not
controlled, or if a patient is hypernatremic, has coagulation dis-
orders, or is significantly dehydrated.27,40,47

The hemodynamic effects of 7.5% hypertonic saline are not
sustained.28,30,40–42,48 The duration of effect in cats was found to
be approximately 60 min in one study, whereas another study
found improved hemodynamic function over a period of 180
min.49 This concern has led to a number of studies that have
demonstrated the feasibility of prolonging the beneficial effects
of hypertonic saline by adding hyperoncotic preparations such as
dextran 70 to the mixture.35,41,42,50–56 Regardless of the eventual
outcome of these and similar studies, it is advisable to use hyper-
tonic saline solutions in the initial resuscitative management of
moribund patients and to follow this initial treatment with more
traditional therapeutic measures. When hypertonic saline is ad-
ministered over a prolonged period, serum sodium and osmolal-
ity should be monitored.
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Dextrose Solutions These are commercially available in a wide
range of concentrations ranging from 2.5% to 50% dextrose in
water; 5% dextrose in water contains 50 g of dextrose monohy-
drate per 1 L of water and exerts an osmolarity of 252 mOsm/L.
Dextrose solutions provide a source of free water for total body
distribution once the carbohydrate is metabolized. An additional
0.6 mL of water is made available for each gram of dextrose that
is metabolized. The volume of water administered eventually dis-
tributes across all fluid compartments, so dextrose solutions are
not effective for use as plasma volume expanders. However, they
are effective in replenishing primary total body-water deficits
(e.g., dehydration).

The 5% dextrose solutions contain 171 calories per liter, which
does not meet the energy requirements of domestic animal
species. Hypertonic dextrose solutions are generally used for
caloric supplementation of parenteral maintenance fluids.57

Long-term infusions of 5% dextrose or the infusion of hypertonic
dextrose solutions may cause thrombophlebitis. Care should be
taken to ensure that the hypertonic preparations in particular are
infused via the caudal or cranial vena cava.57 The administration
rate of dextrose solutions should be less than 0.5 g/kg/h so as not
to induce glucosuria.22

Alkalinizing Agents
Sodium Bicarbonate This solution is a hypertonic (1500
mOsm/L) preparation of sodium bicarbonate (NaHCO3) in sterile
water for injection. Solutions contain 5.0%, 7.5%, or 8.4% sodium
bicarbonate in 50-mL ampules or vials and 500-mL bottles. The
solution is administered intravenously, either in another parenteral
solution or undiluted in emergencies. An isotonic solution results
when a 50-mL vial of 7.5% sodium bicarbonate is added to 200
mL of sterile water for injection; with a 50-mL vial of 8.4% solu-
tion, 224 mL of sterile water is required. Alternatively, three 50-
mL ampules of 8.4% solution may be added to 1 L of 5% dextrose.

Sodium bicarbonate is indicated in the treatment of metabolic
acidosis. It is also indicated in barbiturate intoxication in order to
facilitate dissociation of barbiturate-protein complex. Overcor-
rection of the bicarbonate deficit produces metabolic alkalosis
with a rise in blood pH. From a clinical standpoint, alkalosis is
seldom encountered. However, administration of sodium bicar-
bonate is generally contraindicated in patients losing chloride
through vomiting or in those with hypokalemia. Sodium bicar-
bonate administration produces sodium retention and should be
used with caution in patients with congestive heart failure or
other conditions causing edema. Doses of up to 2 mEq/kg in cats
induce minimal changes in the electrolyte status of the animal.
Sodium bicarbonate doses in excess of 4 mEq/kg can induce hy-
perosmolality, hypernatremia and hypokalemia.58

The dose of sodium bicarbonate is determined by the base
deficit of blood and the clinical symptoms of the patient.
Quantitative estimation of the bicarbonate dose may be calcu-
lated from this formula:

base deficit � 0.3 � body weight (kg) = mEq of NaHCO3

The factor 0.3 � body weight is an approximation of the acute
volume of distribution of infused HCO3

� and approximates the

volume of the extracellular fluid compartment. Distribution to in-
terstitial fluid requires approximately 30 min to be 98% com-
plete. Although the factor 0.6 has been used in the formula, the
use of 0.6 � body weight assumes that the volume of HCO3

�

distribution is total body water. About 18 h are required for com-
plete distribution. When the 0.6 factor is used, the dose of
HCO3

� may be too high and, if given, must be administered
slowly. The amount of HCO3

� needed to correct the base deficit
in metabolic acidosis varies widely depending on the cause of the
acidosis and variations in distribution of HCO3

� into intracellu-
lar spaces. Overtreatment should be avoided. Acid-base measure-
ments should be made frequently, because changes with anesthe-
sia and disease processes are dynamic. Usually half the
calculated dose is administered, and a second base-deficit deter-
mination made. Should alkalosis result from sodium bicarbonate
administration, the use of bicarbonate should be discontinued,
and the patient should be treated according to the degree of alka-
losis. Sodium chloride injection (0.9%) intravenously is usually
sufficient to correct plasma chloride. If the alkalosis is severe
enough to be accompanied by hyperirritability or tetany, ammo-
nium chloride (NH4Cl) may be given intravenously as a 1:6
molar solution (167 mEq/L). Calcium gluconate may also be use-
ful in controlling tetany.

To correct for the acidity inherent in acid citrate dextrose
(ACD)–preserved blood, the contents of 1 ampule added to 250
mL of sterile water for injection may be given for every 4 units
(1600 mL) of blood administered.

Intravenous sodium bicarbonate administration leads to in-
creased CO2 levels in blood and CSF. Because plasma HCO3

�

enters the CSF slowly, a paradoxical acidosis in the brain may re-
sult. General depression of the central nervous system, including
the medullary centers, may develop, reducing respiratory drive.
Patients thus must be ventilated adequately to prevent these ad-
verse side effects. When given in large quantities, sodium bicar-
bonate has been shown to cause hyperosmolality of blood.
Experimental and clinical observations indicate that increases in
plasma osmolality to levels exceeding 350 mOsm are potentially
fatal. Detrimental effects of alkalemia include an increase in the
affinity of hemoglobin for oxygen with an unfavorable effect on
oxygen release. Routine measurement of plasma osmolality, in
addition to acid-base determinations, is recommended prior to
administration of additional doses of an alkalinizing agent.
Another detrimental effect associated with the use of sodium
bicarbonate is prolongation of thrombin clotting and prothrom-
bin times.

Tromethamine Tromethamine (THAM) is a slightly hypertonic
(380 mOsm/L) 0.3 M solution with the pH adjusted to 8.6 with
acetic acid. This organic amine buffer is used for correction of se-
vere systemic respiratory or metabolic acidosis, such as that
which occurs during shock, cardiac arrest, or massive transfu-
sions of ACD-preserved blood.59 Given intravenously, it acts as
an amine proton acceptor, attracting hydrogen ions to form salts
that are then excreted by the kidneys. The buffering capacity of
THAM is equivalent to that of sodium bicarbonate, yet it does
not cause hypernatremia or hypercapnia.59,60
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THAM also acts as an osmotic diuretic, increasing urine flow,
urine pH, and excretion of electrolytes, fixed acids, and carbon
dioxide. Approximately 30% of THAM at a pH of 7.4 is not ion-
ized. As a result, THAM is an effective intracellular and extracel-
lular buffer.61

The intravenous dose may be estimated from the buffer base
deficit:

THAM (mL, of 0.3 M) required = body weight (kg) �
base deficit (mEq/L) � 1.1

In treatment of cardiac arrest, THAM should be given at the
same time that other standard resuscitative measures, including
cardiac massage, are being applied. Intravenous doses of 3.5 to 6
mL/kg have been administered in these circumstances. Additional
amounts may be required to control the systemic acidosis that per-
sists after the cardiac arrest is reversed. The intravenous lethal dose
of THAM in dogs is 500 mg/kg when given at 50 mg/kg/min.

The use of THAM is contraindicated in patients with anuria or
uremia. Large doses may depress respiration, owing to pH
change and CO2 reduction with subsequent increase in blood lac-
tate. Rapid infusion may produce electrocardiogram (ECG)
changes similar to those of hyperkalemia. Hypoglycemia may
also occur. For these reasons, blood pH, PCO2, bicarbonate, glu-
cose, and electrolyte levels should be determined during admin-
istration of large quantities of this drug. Although significant
clinical coagulation abnormalities do not appear to be a problem
when THAM is used in dogs with normal coagulation indices,
care should be taken as coagulation time is increased.

Colloid Preparations
Colloids are a suspension of large molecular weight particles. If
the average molecular weight of the particles in solutions exceeds
50,000, they will tend to remain within the vascular compartment.
This increases intravascular colloid osmotic pressure, which not
only limits further water movement out of the intravascular space
but may also cause water movement from the interstitial space to
the intravascular space. Colloid preparations are thus effective
when used to expand vascular volume. To ensure that an effective
vascular volume is maintained, colloids are also used in acute hy-
poproteinemic states where plasma albumin levels are less than 15
g/L (1.5 g/dL) or total serum protein levels are less than 35 g/L
(3.5 g/dL). Natural colloids include plasma, albumin preparations,
and whole blood. Artificial colloids include dextran, gelatin, and
hydroxyethyl starch preparations. The effectiveness of the artifi-
cial colloids is determined by their physiochemical characteris-
tics, such as average molecular weight, colloid content, and
biodegradability. Artificial colloids exert a vascular effect similar
to that of plasma. When using artificial colloids, the clinician’s
therapeutic goal is to maintain plasma oncotic pressure above 17
mm Hg.10 They are more expensive than plasma, but under cer-
tain circumstances, such as during intraoperative procedures in
large animals, they may be more readily available.

Plasma
Plasma proteins play a predominant role in establishing plasma
oncotic pressure, which is ultimately responsible for maintaining

vascular volume at the level of the capillary beds. The albumin
fraction of total serum protein ranges from 35% to 50% (Table
8.3), and albumin accounts for 75% of the plasma oncotic pres-
sure exerted by plasma proteins. Reductions in serum albumin
levels to 15 g/L (1.5 g/dL), or total serum protein levels to 35 g/L
(3.5 g/dL) or lower, result in a net water loss from the vascular
compartment to the interstitial space. If untreated, vascular vol-
ume diminishes and interstitial edema occurs.

Plasma is harvested from whole blood and either used as fresh
plasma for the treatment of coagulopathies or stored at �70°C as
fresh-frozen plasma.62 There is evidence to suggest that canine
plasma may be stored for up to 30 days at 2°C with no significant
effect on hemostatic parameters.63 Each gram of albumin will re-
tain approximately 17 to 18 mL of water within the vascular
space. In the perioperative period, plasma is used to treat vascular
volume deficits or hypoproteinemia. Plasma must be gradually
warmed to 37°C prior to being administered. Plasma should not
be thawed using temperatures higher than 37°C. A blood admin-
istration set with an in-line 18-micron micropore filter should be
used when plasma is to be infused. It has been recommended that,
for dogs, the recipient should receive 28 to 33 mL/kg of plasma to
administer 1 g/kg of albumin when the protein concentration of
plasma of the donor is 30 to 35 g/L (3.5 g/dL).62 Alternatively, one
may estimate the amount of donor plasma required:64

Care should be taken to ensure that there are no allergic reac-
tions to the transfusion or that the patient is not volume over-
loaded.

Whole Blood
Patients who are severely anemic or who have had a significant
decrease in their packed cell volume (PCV) from normal (Table
8.3) are candidates for whole blood transfusion or the adminis-
tration of packed red cells if plasma protein levels are within nor-
mal limits. In the perioperative period, acute blood loss exceed-
ing 10% to 15% of the patient’s blood volume should be replaced
with whole blood. Chronic reductions in hematocrit to 15% in
healthy nonexercising animals does not necessarily result in clin-
ical signs of oxygen debt. However, when one considers the car-
diopulmonary effects of most anesthetic agents, it is advisable to
maintain a hematocrit of at least 21% to 25% or a hemoglobin
concentration of at least 70 g/L (7 g/dL) in surgical patients.64,65

This helps ensure that adequate oxygen is delivered to the periph-
eral tissues in the perioperative period.66,67

Whole blood is collected from donors in an anticoagulant such
as ACD, citrate phosphate dextrose (CPD), citrate phosphate
dextrose adenine (CPDA-1), sodium citrate, or heparin. Once
collected, plasma may be harvested and stored separately, if de-
sired. Whole blood and packed red cells are stored at 1° to
6°C.68,69 Details regarding the collection and storage of whole
blood or blood components may be obtained elsewhere.68,69

amount donor
plasma required

(mL)

desired TP= − aactual TP

donor plasma TP

Recipient
Pl⎡

⎣
⎢

⎤
⎦
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Volume

(mL)
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The duration of storage that is considered acceptable in terms
of red cell viability depends on the anticoagulant used and the
use of appropriate storage procedures.70 Transfused red cell via-
bility of previously stored blood should exceed 70% at 24 h after
the transfusion. Nonviable transfused red cells are removed from
the circulation within 24 h. Whole blood or packed cells that are
properly stored in ACD may be used for up to 21 days after col-
lection, whereas CPD and CPDA-1 maintain adequate red cell vi-
ability for up to 4 weeks.68 Storage of red blood cells dramati-
cally reduces DPG (2,3-diphosphoglycerate), which shifts the
oxygen hemoglobin dissociation curve to the left in dogs.70 In
cats, the release of oxygen is independent of DPG.71 Left shifts
of the oxygen hemoglobin dissociation curve decrease oxygen
availability to peripheral tissues. In humans, DPG returns to 50%
of normal levels within 24 h of transfusion. If oxygen delivery to
peripheral tissues is of significant concern in the perioperative
period, then the use of freshly collected blood or blood that has
been stored for a minimum period in CPD or CPDA-1 should be
considered.

The number and type of clinically significant blood groups
with respect to transfusion reactions vary among the domestic
animal species (Table 8.4). Normal red blood cell viability or cir-
culation half-life also varies significantly among the various
species (Table 8.5). Where possible, all donors should be typed
and all potential transfusion recipients should be typed and cross-
matched with the donor.62,68,69,72 Canine blood donors should be
at least dog erythrocyte antigen 1.1 and 1.2 negative.68 In cats,
there are significant variations among breeds as to the predomi-
nant blood group, and naturally occurring isoagglutinins
exist.68,72–74 As a result, it is recommended that all feline donors
and recipients be typed, donors of each blood group be available,
and a crossmatch be performed on the first transfusion.

If donors are not typed, then fresh blood collected from the
donor and recipient should be crossmatched. This enables the cli-
nician to determine whether the recipient has been previously
sensitized or has naturally occurring isoantibodies to the donor’s
red blood cells. A minor crossmatch would indicate whether the
donor has antibodies against the recipient’s red blood cells. It
should be noted that the crossmatch tests only for isoagglutinins.
In cattle and horses, isohemolysins play a major role in transfu-
sion reactions.69,75,76 As a result, the crossmatch in these species
may not provide an adequate indication of the potential for a
transfusion reaction, so alternative tests may be necessary.

Whole blood and packed red cells, like plasma, must be slowly
rewarmed to 37°C prior to being transfused into the patient.
Temperatures higher than 37°C should not be used to rewarm
whole blood or blood products. Packed red cells may be diluted
with 0.9% saline to facilitate the transfusion process by reducing
the viscosity of the suspension. Under no circumstances should
rewarmed whole blood, or red cells, be re-refrigerated if unused.
Intravenous administration sets used for transfusion purposes
should contain in-line filters with a pore size of 80 microns so
that cellular debris and blood clots are not transfused into the pa-
tient. In cats, where blood is often collected into a syringe, sy-
ringe filters (Hemo-nate; Gesco International, San Antonio, TX)
may be used to accomplish the same purpose. All blood transfu-

sions should be administered through a separate intravenous ac-
cess, and other therapeutic agents should not be administered to
the patient via the blood administration set.

The volume of blood to be administered may be set empiri-
cally at 10 to 40 mL/kg in dogs and 5 to 20 mL/kg in cats or cal-
culated.77 In species where the blood volume approximates 7%
of total body weight, the following formulas may be used to cal-
culate the required volume of whole blood or packed red cells for
transfusion purposes. If the hematocrit of the donor’s blood is
40%, then administration of 1.75 mL/kg will raise the recipient’s
hematocrit by 1%. Similarly, if the hematocrit of the packed cell
solution is 70%, then administration of 1.0 mL/kg will raise the
recipient’s hematocrit by 1%.78 Alternatively, in small animals,
the following formulas may be used:62,79

For cats,

For dogs,

Whole blood, or suspensions of packed red cells, may be ad-
ministered at rates of 5 to 10 mL/kg/h. In critical situations,
where rapid restoration of blood volume is of concern, adminis-

mL blood required = BW
desired PCV pati
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Table 8.4. Major blood groups of domestic animal species.

Species Number of Clinically
Groups Major Groups Significant

Bovine 12 B, J
Canine 9 DEA 1.1, 1.2, 7
Caprine 5 ?
Equine 9 A, C, Q
Feline 2 A, B
Ovine 7 B, R
Porcine 16 ?

Table 8.5. Red blood cell survival times.

Species Days

Bovine 140–160
Canine 110–120
Caprine 125
Equine 140–150
Feline 75–80
Ovine 64–94
Porcine 75–95



tration rates of 22 mL/kg/h in dogs and 40 mL/kg/h in cats may
be used.69 Rates of 10 to 40 mL/kg/h in cattle and 20 to 30
mL/kg/h in horses have been suggested.69,80 Transfusions are
best completed within 4 h to avoid bacterial contamination and
functional loss of blood components. If more than 50 mL/kg of
blood is administered, then consideration should be given to the
administration of calcium chloride or gluconate to counteract the
effects of the anticoagulant.64

Patients must be continuously monitored for clinical signs that
suggest an acute adverse reaction to the transfusion. Adverse re-
actions may be caused by prior bacterial contamination of the
donor’s blood, allergic or immunologic reactions to the transfu-
sion itself, circulatory overload, or citrate-induced hypocal-
cemia.81 The nature of the observed clinical signs of acute trans-
fusion reaction varies. In some species, hemolysis as opposed to
agglutination occurs. Clinical signs may include tachycardia,
dysrhythmias, hypotension, tachypnea, dyspnea, tremors, eme-
sis, wheals, urticaria, transient fever, hemolysis, hemoglobine-
mia, and hemoglobinuria.64,69,72,79,81 It is important to remember
that a number of these clinical signs may not occur in anes-
thetized patients. Therefore, any unexpected changes in the clin-
ical status of an anesthetized patient that is receiving a transfu-
sion must be critically evaluated. If a transfusion reaction is
suspected, then the transfusion must be terminated and support-
ive therapy instituted.81,82 Sepsis, circulatory overload, and
hypocalcemia are detected by careful monitoring of anesthetized
patients and treated accordingly.

Dextran Solutions
Dextrans are low to average molecular weight polysaccharides
that are produced as a result of bacterial enzymatic action on su-
crose. Dextran 40 is a low molecular weight polysaccharide with
an average molecular weight of 40,000 and a molecular weight
range of 10,000 to 70,000. Dextran 70 and dextran 75, respec-
tively, consist of glucose polymers with an average molecular
weight of 70,000 and 75,000. Both preparations have a molecu-
lar weight range of 20,000 to 200,000, and as a result their clin-
ical effects are similar. Polymers with a molecular weight less
than 50,000 are eliminated from the circulation by glomerular fil-
tration and renal excretion. Polysaccharides with a molecular
weight greater than 50,000 are eventually stored in the reticu-
loendothelial system and subsequently metabolized.

Dextran solutions are used for plasma volume expansion when
hematogenous products are not available. They are not a substi-
tute for whole blood and possess no oxygen-carrying capacity.
Therefore, to ensure that a patient’s hematocrit is not reduced to
critical levels, care should be exercised when dextran is used in
the treatment of severe hemorrhage. Dextran may be used in sit-
uations where hypoproteinemia has been induced by the infusion
of a large volume of a crystalloid solution and plasma is not
available.

Dextran 70 and 75 are slightly hyperoncotic when compared
with plasma, and they induce a water shift of approximately 20
to 25 mL/g from the interstitial fluid space into the vascular sys-
tem. Dextran 70 and 75 increase the plasma volume by an
amount that is slightly greater than the colloidal volume admin-

istered. The maximum increase in plasma volume occurs within
1 h of the termination of the infusion and lasts for up to 6 h. The
duration of effect depends on the volume infused and rate of
clearance from the vascular system.

Dextran 40 is used for vascular volume expansion. The 10%
solution is significantly hyperoncotic when compared with
plasma, so dextran 40 should be administered with an equal vol-
ume of a crystalloid solution to minimize fluid shifts from the in-
terstitial space. The improvement in vascular volume that results
from the administration of dextran 40 is equivalent to twice that
of the volume infused. The peak volume effect occurs quickly but
is brief, lasting only 2 to 3 h. Of the administered dose of dextran
40, 50% is excreted within 3 h, and 75% is excreted within 24 h.
Low molecular weight dextran has been advocated for the treat-
ment of impaired microcirculation or capillary sludging during
low-flow states induced by hypovolemia or shock. The capabil-
ity of dextran 40 to enhance blood flow in the microcirculation is
attributed to (a) volume expansion and subsequent hemodilution,
(b) maintenance of red cell electronegativity, (c) coating of red
blood cells and platelets, (d) decreased blood fibrinogen levels,
(e) subsequent reductions in blood viscosity, and (f) an increased
suspension stability of blood. Dextran 40 has been associated
with renal dysfunction, so the use of dextran 70 is preferable for
volume expansion.

The primary concerns with respect to the use of dextran solu-
tions relate to the potential for allergic reactions or interference
with the normal hemostatic mechanisms of blood. The recom-
mended dose for dextran 40, 70, or 75 is 10 to 20 mL/kg/day in
dogs and 5 to 10 mL/kg/day in cats to reduce the possibility of
adverse reactions. Infusion rates of 5 mL/kg/h may be used in
noncritical situations. Administration rates of up to 20 mL/kg/h
have been recommended in situations where the vascular volume
must be quickly restored.83 This rate of infusion induced minimal
hemostatic abnormalities in clinically normal animals, but bleed-
ing may be precipitated in dogs with deficiencies in hemostatic
function.83

Hydroxyethyl Starch
Hydroxyethyl starch is a synthetic polymer that is synthesized
from a waxy starch composed primarily of amylopectin.
Hydroxyethyl ether groups are introduced into the glucose units
of the starch compound to retard degradation of the compound by
serum amylase. Hetastarch, a commercially available prepara-
tion, is a sterile, nonpyrogenic solution of 6% hetastarch in 0.9%
saline. The oncotic pressure of hetastarch is 30 mm Hg, and its
osmolarity is 310 mOsm/L. The number average molecular
weight of hetastarch is 70,000, and the molecular weight of the
polymers ranges from 10,000 to 1,000,000. The smaller particles
are eliminated through glomerular filtration and renal excretion.
Approximately 40% is excreted in urine within 24 h in patients
with normal renal function.84 The larger molecules are slowly
degraded by serum amylase until they are small enough to be ex-
creted or taken up into the reticuloendothelial system. This re-
sults in a sustained ability of hetastarch to maintain vascular vol-
ume expansion as compared with dextran preparations.

Hetastarch may be used for the same purposes as dextran so-
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lutions. The colloidal properties of hetastarch are similar to that
of albumin. One gram of hetastarch causes a fluid shift into the
vascular space of approximately 14 mL of water from the inter-
stitial space.84 The infusion of hetastarch expands plasma vol-
ume only slightly in excess of the volume infused. The volume
expansion lasts less than 12 h in dogs and up to 24 h in
horses.85,86 As a result, multiple doses may be required in pa-
tients with ongoing protein losses. Hetastarch should not be used
in normovolemic patients because of the potential for volume
overload. Other complications associated with the infusion of
hetastarch solutions include anaphylactoid reactions and coagu-
lopathies.15,84 A dose of 10 mL to 20 mL/kg/day of 6% het-
astarch has been recommended for administration to dogs and 5
to 10 mL/kg/day in cats.15,87 Rudloff and Kirby have recom-
mended specific infusion rates based on the underlying disease
process being treated.44 Rapid infusion of hetastarch in cats may
induce moderate reactions such as nausea and vomiting.88

Pentastarch is an isotonic, hyperoncotic solution of 10% pen-
tastarch in 0.9% saline, with an osmolarity of 326 mOsm/L. The
number average molecular weight of pentastarch is 35,000. Like
hetastarch, pentastarch is indicated for plasma volume expansion
when fresh-frozen plasma is not available. The infusion of 500
mL of pentastarch will expand the plasma volume by 700 mL.
Pentastarch is more rapidly eliminated than is hetastarch and is
less likely to cause coagulopathies. Based on clinical require-
ments, doses of 10 to 25 mL/kg/day in dogs and 5 to 10
mL/kg/day in cats for up to 3 days has been suggested.87

Considerations for Fluid Therapy
Perioperative recognition and management of fluid and elec-
trolyte disturbances are important components of the anesthetic
management of surgical patients. Patients that are presented for
anesthesia and surgical or diagnostic procedures vary in size,
age, metabolic requirements, and physical condition, in addition
to the nature of the ongoing disease process. Anesthesiologists
must consider each patient’s current fluid and electrolyte status
in addition to changes that are anticipated to occur during the im-
mediate perioperative period.

In all but the most critical emergencies, clinically significant
fluid and electrolyte imbalances in patients should be identified,
assessed, and corrected prior to the induction of anesthesia. Many
anesthetic protocols require that patients be kept off food and
water for varying time lengths in the preoperative period. The use
of non per os (NPO) orders causes varying degrees of total body-
water deficits, which should be taken into account by the anesthe-
siologist during the anesthetic procedure. Furthermore, anesthetic
agents and many surgical procedures have a significant effect on
the cardiovascular stability of patients. There is a net loss of vas-
cular volume during the surgical procedure because of hemor-
rhage, redistribution, and sequestration of fluids into traumatized
tissues at the surgical site. Increased water loss owing to evapora-
tion from the surgical site as well as the respiratory system also
becomes important in surgical patients. Postoperatively, fluid and
electrolyte imbalances may continue to occur, requiring that the
patient be continuously assessed and treated.

Preoperative Considerations
A thorough history should be obtained from the owner. This
should provide the clinician with information relating to the type,
volume, and duration of fluid losses that have been experienced
by the patient. This information, in conjunction with a detailed
physical examination, should enable the clinician to estimate the
degree of dehydration and the type of electrolyte disturbance that
might exist. The degree of dehydration can be estimated by as-
sessing the patient’s skin turgor and correlating that information
with the other clinical findings. Age of the animal, its nutritional
status, and individual variations make skin turgor difficult to as-
sess. In small animals, skin turgor is tested by pinching a skin-
fold over the torso and twisting it while the animal is in lateral re-
cumbency. Skin turgor is tested in large animals by pinching and
twisting the skin of the upper eyelid or the neck. Skin turgor can
also be used to determine the hydration status of avian patients.89

Total body-water deficits in liters are calculated in terms of per-
centage of body weight measured in kilograms. A patient that is
estimated to be 10% dehydrated has lost a volume of water in
liters equivalent to 10% of the animal’s weight.

Patients with a history of water loss but that have no obvious
clinical signs associated with dehydration are generally assumed
to be less than 5% dehydrated. Clinical signs do occur in neona-
tal calves that are 4% dehydrated.90 The skin tent persists for less
than 2 s in these animals. An animal is assumed to be 6% to 8%
dehydrated if, on clinical examination, the eyes are mildly
sunken in their orbits, the mucous membranes are sticky to dry,
and the skin tent persists for more than 3 s. Clinical signs are very
pronounced when an animal is 10% to 12% dehydrated. The eyes
will be deeply sunken into the orbits, with as much as a 2- to 4-
mm gap between the eyeball and bony orbit. The mucous mem-
branes are dry and possibly cold to the touch. The skin tent and
twist will persist indefinitely. Animals that are dehydrated more
than 15% are generally moribund.

The initial clinical assessment is confirmed by collecting base-
line samples from the patient for laboratory analysis. These data
confirm the diagnosis and provide a reference point for subse-
quent therapeutic measures. The information also ensures that
the clinician can later assess the patient’s response to therapy.
Analysis of whole blood, plasma, and serum samples enables the
clinician to determine hematologic values, plasma osmolality,
serum electrolyte concentrations, and serum glucose, urea, or
creatinine values. The measured parameters are then evaluated in
relation to the patient’s current condition and to expected normal
values of each (Table 8.3). Table 8.6 lists the conversion factors
required to convert from SI to conventional units. Although serial
measurements of body weight have been recommended as aids in
determining a patient’s response to therapy, these data should be
interpreted with care.90,91

Hematocrit and total protein values are commonly used to de-
termine the degree of hemoconcentration or hemodilution in pa-
tients. Normally, hematocrit values vary widely in some species,
whereas, in others, the spleen plays a major role in altering
PCV.33,92 The hematocrit should not be permitted to decrease
below 21% to 25% in anesthesia candidates. Normovolemic re-
ductions in PCV to 25% in dogs result in optimal delivery of oxy-
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gen to peripheral tissues.65,67,93 Stable, healthy surgical patients
will tolerate normovolemic reductions in hematocrit to 21% or
hemoglobin levels of 70 g/L if cardiac output is maintained and
arterial oxygenation is ensured in the perioperative period.94

Further reductions in hematocrit increase the potential for inade-
quate oxygen delivery to the peripheral tissues of anesthetized
patients. This is of particular importance to patients with hemo-
dynamic instability or pulmonary disease. Polycythemia, on the
other hand, increases blood viscosity and reduces capillary flow,
which can reduce the oxygen-delivery capacity of blood with re-
spect to peripheral tissues.67 Patients, particularly large animal
patients, with PCVs in excess of 50% should be treated with flu-
ids to restore the hematocrit to more normal levels.92

Total protein levels may represent a more effective index of
plasma volume variations than does PCV. Serum protein levels
should be maintained above 35 g/L (3.5 g/dL) and albumin lev-
els above 15 g/L (1.5 g/dL) to ensure that there is not a net loss
of water from the vascular compartment, resulting in interstitial
edema. It has been recommended that, in large animals, fluid
therapy is indicated if total serum protein exceeds 80 to 100 g/L
(8 to 10 g/dL).92

Measurement of serum electrolytes enables clinicians to calcu-
late or measure plasma osmolality and determine whether there
are significant life-threatening compositional changes within the
extracellular fluid. Plasma osmolality may be calculated as fol-
lows:

SI units:

Conventional units:

Differences between measured and calculated plasma osmolality
indicate the presence of unmeasured osmotically active sub-

stances in plasma. Determination of plasma osmolality may also
aid in the assessment of the degree of dehydration of patients.
The fluid deficit in liters may be calculated as follows:95

Urine should be collected and its specific gravity, osmolality, and
pH determined. In addition, the sample should be tested for the
presence of protein, red blood cells, and glucose.

Once a clinician has assessed a patient’s fluid and electrolyte
status, a plan for therapeutic intervention, if required, is initiated.
Selection of the appropriate fluid for replacement purposes de-
pends on the nature of the disease process and the composition of
the fluid lost from the patient. The following criteria have been
used in determining the appropriate therapeutic intervention: (a)
volume deficit, (b) PCV and total serum protein concentrations,
(c) plasma osmolality, (d) electrolyte concentrations, (e) acid-
base status, (f) caloric requirements (water-soluble vitamins, car-
bohydrates, and amino acids), and (g) trace-element concentra-
tions.96 In those situations where it is necessary to correct fluid
and electrolyte deficits prior to surgery, consideration is given to
the replacement of previous and continuing losses as well as the
provision of maintenance requirements if the animal is not cur-
rently ingesting food or water. It is preferable to replenish total
body water and correct electrolyte deficits over a 24- to 48-h pe-
riod. Patients may be stabilized over the first 4 to 6 h, with 50%
of the estimated deficit being corrected during that period. Of the
deficit, 75% may be corrected within 24 h, in addition to the re-
placement of concurrent losses and the administration of mainte-
nance requirements. The remainder of the deficit, in conjunction
with maintenance requirements, may be administered over the
next 24 h. Continuing losses should be estimated and replaced, if
necessary, over this period, as well.

In critically ill or moribund patients, vascular and interstitial
volume deficits must be corrected as rapidly as is necessary to
ensure survival. In the treatment of shock, initial fluid-
administration rates of 50 to 90 mL/kg/h in dogs or 50 to 60
mL/kg/h in cats are recommended. Once the crisis has been averted,
fluid-administration rates may be reduced to 10 to 12 mL/kg/h in
dogs and 5 to 6 mL/kg/h in cats.97 Lower administration rates in
noncrisis situations help ensure adequate expansion of extracellular
space before diuresis is induced. In large animal species, adminis-
tration rates of 60 (equine), 80 (calves), and 40 mL/kg/h (cattle)
may be used in the initial stages of shock therapy.46,98–100

Fluid Administration
Fluids may be administered orally, subcutaneously, or directly
into the vascular space by the intravenous or intraosseous routes.
Oral administration of fluids is recommended unless an animal is
in critical condition or has severe gastrointestinal disease.
Isotonic, nonirritating maintenance solutions may be adminis-
tered subcutaneously if time and the clinical condition of the pa-
tient permit. In critically ill patients, where a rapid response to
therapy is desired, fluids and electrolytes should be administered
directly into the intravascular compartment. Fluids that are ad-

fluid deficit (L) = (0.6) BW
(mOsm plasma

kg

−−⎡
⎣⎢

⎤
⎦⎥

300)

300

mOsm/L = 1.86 (NA K )
glucose

18

BUN

2
+ ++ + ⎡

⎣⎢
⎤
⎦⎥

+
..8

⎡
⎣⎢

⎤
⎦⎥

+ 9

mOsm/L = 1.86 (NA K ) glucose BUN+ ++ + + + 9

194 ● Pharmacology

Table 8.6. Conversion of system international units to
conventional units.

Constituent SI Unit Factor Conventional Unit

Sodium mmol/L 1 mEq/L
Potassium mmol/L 1 mEq/L
Chloride mmol/L 1 mEq/L
Calcium mmol/L 4.0080 mg/dL
Magnesium mmol/L 2.4307 mg/dL
Phosphorus mmol/L 3.0969 mg/dL
Creatinine µmol/L 0.0113 mg/dL
Glucose mmol/L 18.0148 mg/dL
Urea nitrogen mmol/L 2.8011 mg/dL
Hematocrit L/L 100 mL/dL, %
Hemoglobin g/L 0.1 g/dL
Albumin g/L 0.1 g/dL



ministered intravenously, particularly if administered rapidly or
in large volumes, should be warmed to 37°C before being infused
or transfused.

Venipuncture, for fluid-administration purposes, is best ac-
complished with intravenous butterfly sets or catheters. Butterfly
infusion sets are not suitable for unsupervised fluid-therapy pro-
cedures because of the potential for extravascular infusion of flu-
ids. Similarly, they should not be used routinely for perioperative
venous access in surgical patients because they cannot be relied
upon to remain intravascular. Short-term venous access for anes-
thetic procedures and fluid or drug administration is best accom-
plished with the use of over the needle–type catheters. Angiocath
(Deseret Medical, Sandy, UT) intravenous catheters are available
in sizes of 24-gauge � 1.9 cm to 10-gauge � 7.6 cm and are
made of Teflon (polytetrafluoroethylene). Insyte catheters are
constructed of Vialon (Deseret Medical) to increase wall strength
that facilitates their passage through the tough skin of domestic
and exotic animal species with which veterinarians deal.
Catheters made of Vialon have been associated with a 46% lower
incidence of thrombophlebitis when compared with catheters
made of Teflon.97 Another product, the Streamline intravenous
catheter (Menlo Care, Menlo Park, CA), is made of an elas-
tomeric hydrogel that is hydratable and enlarges after being in-
travenously placed. One study has demonstrated an increase in
flow through a 20-gauge catheter of 26% within 1 h of its intra-
venous placement.101 The 20-gauge catheter expanded in size to
approximate an 18-gauge catheter.101 Such products may be of
value in establishing an intravenous access quickly when larger
catheters may not be easily placed. Through the needle–type in-
travenous catheters (I-Cath; Delmed, New Brunswick, NJ) are
ideal for long-term fluid therapy, although similar catheter styles
and lengths are available as over-the-needle catheter placement
units (E-Z Cath; Deseret Medical). The length of these intra-
venous placement units ensures that they are less likely to be-
come dislodged from the intravenous space. This is of concern
particularly in large animal patients.

Selection of the venous access site depends on the species in-
volved, the physical condition of the patient, the volume and type
of fluid to be administered, the rate of fluid administration, and
the accessibility of a peripheral or central vein. The jugular and
saphenous veins may be catheterized in most species. The
cephalic vein is commonly used in small animal patients, and the
auricular vein may be used in some large animal species. The
saphenous or jugular veins may be used in larger birds, whereas
the cutaneous ulnar vein may be used in small avian pa-
tients.102,103 In situations where large volumes are to be infused
quickly, the jugular vein is often the best choice. Catheterization
of the jugular vein with a multiport catheter enables the clinician
to administer fluids, monitor central venous pressure, and collect
blood samples for laboratory analysis. There is a reduced chance
of thrombophlebitis if dextrose or hypertonic solutions are in-
fused into the jugular vein as opposed to infusions into smaller
peripheral veins.

The rate at which fluids may be intravenously administered is
determined by factors such as (a) viscosity of the fluid, (b) inter-
nal diameter of the catheter and intravenous administration sys-

tem, (c) length of the intravenous administration system, and (d)
the height at which the fluid reservoir is hung above the pa-
tient.104 Of these, the internal diameter of the catheter and the
fluid-administration set is the most important factor in determin-
ing the maximum rate of flow through the system. In situations
where rapid administration of fluid is required, the use of multi-
ple large-bore catheters should be considered. A 20-gauge
catheter will permit up to 75 mL/min to flow into the cephalic
vein of a canine patient with a gravity feed of 1.75 m. However,
if an 18-gauge catheter and a gravity feed of 1.0 to 1.75 m are
used, the flow rate would increase to 114 mL/min.82 Similarly,
increasing catheter size to a 16-gauge device increases flow to
160 to 210 mL/min.98,104 Flow through a 14-gauge catheter is
50% greater than that through a 16-gauge catheter.105 Further
flow increases of up to 21% may be obtained by using a blood
administration set as opposed to a traditional intravenous fluid-
administration set. In large animals, flow rates can be dramati-
cally improved upon by modifying a Y Type TUR/Bladder
Irrigation Set (Baxter, Toronto, Canada) to end in a standard luer
lock connector. Fluid-administration rates can be increased fur-
ther by using pressure-infusor sets, accommodating a 1-L fluid
bag (Baxter) up to a 5-L fluid bag (Disposable Pressure Infusor;
Biomedical Dynamics, Minneapolis, MN). More rapid rates of
fluid administration may be achieved by using mechanized intra-
venous fluid pumps and multiple intravenous catheter sites.

The intraosseous space provides an alternative route for the
parenteral administration of fluids and therapeutic agents into the
vascular space. This method of fluid administration should be
used whenever intravenous access cannot be established for the
treatment of critically ill patients. Therapeutic agents and fluids
that are administered into the intraosseous space rapidly reach
the systemic circulation via the bone marrow.106,107 In small an-
imals, the intraosseous space may be accessed through the tibial
tuberosity, the trochanteric fossa of the femur, or the flat media
surface of the proximal tibial just distal to the tibial tuberosity. In
the avian species, the distal end of the ulna is cannulated, because
pneumatic bone must be avoided. The details with respect to can-
nula placement, maintenance, and use of intraosseous adminis-
tration techniques in small animals have been described.64,108–110

Assessment
Once the fluid-therapy regimen is initiated, the clinician should
continue to reevaluate the patient to determine its response to ther-
apy. Serial measurements of weight and laboratory values in con-
junction with frequent physical examinations enable the clinician
to alter the therapeutic regimen according to the patient’s chang-
ing status. Additional data are obtained in respect to the patient’s
status and response to therapy through monitoring systemic blood
pressure, central venous pressure, volume of urine production,
colloid oncotic pressures, and the ECG. These parameters are
commonly monitored by the veterinarian in the perioperative pe-
riod and are discussed in detail elsewhere (Chapter 19).

Intraoperative Considerations
The most common changes during the intraoperative period are
alterations to the volume or composition of the extracellular
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fluid. These alterations result from increased evaporative losses
of free water, sequestration of plasma water in traumatized tis-
sues (third spacing), and hemorrhage. Maintenance deficits in
anesthetized patients occur in the preoperative period, owing to
NPO orders, and continue throughout the intraoperative and re-
covery periods. Consideration should be given to the fact that in-
traoperative losses of free water by evaporation exceed values
commonly estimated for routine maintenance purposes. The pe-
rioperative free-water deficit can be estimated to be at least 2.0 to
2.5 mL/kg for each hour that an animal is not eating or drinking.
Ideally, free-water deficits should be replaced using a hypotonic
solution, 5% dextrose in water, or a maintenance solution. How-
ever, replacement solutions, such as lactated Ringer’s, are often
used for this purpose to simplify the intraoperative fluid-therapy
regimen.

Third-space losses occur through translocation of plasma and
intracellular water into surgically traumatized tissues.94 The de-
gree to which the vascular volume is reduced is directly related
to the extent of the surgical trauma to the patient. These losses
lead to a hemoconcentration effect and in some instances may be
estimated as follows:

Third-space losses are replaced with balanced electrolyte solu-
tions at administration rates of up to 2 mL/kg/h for superficial pro-
cedures, 3 to 5 mL/kg/h for mildly traumatic procedures, 5 to 10
mL/kg/h for moderately traumatic surgeries, and up to 15 mL/kg/h
for severely traumatic procedures. Rates up to 15 mL/kg/h have
minimal impact on the PCV of healthy dogs. In avian species, in-
traoperative fluid-administration rates of 10 mL/kg/h for the first 2
h and 5 to 8 mL/kg/h for subsequent hours have been recom-
mended.17 Third-space loss is replaced in addition to that volume
of fluid being administered for maintenance purposes.

Acute, intraoperative losses of blood in excess of 15% of total
blood volume in normal patients or 10% in critically ill patients
should be replaced with whole blood or packed red cells. A he-
moglobin-based, oxygen-carrying solution such as Oxyglobin
(bovine hemoglobin glutamer 200) may be of value in instances
where whole blood or packed red cells are not available. There is
some debate as to the clinical utility of regular use of such solu-
tions, and readers are directed to other sources for additional in-
formation.111–116 The manufacturer’s recommended dose of
Oxyglobin in dogs is 30 mL/kg infused at a rate of 10 mL/kg/h.
A lower infusion rate of 3 to 5 mL/kg/h should be used if the so-
lution is administered to cats. The lower infusion rate in cats may
prevent the development of pulmonary edema, pleural effusion,
or both.115 Blood loss that does not exceed the limits previously
mentioned may be replaced with balanced electrolyte or replace-
ment solutions. As already mentioned, crystalloid solutions
equilibrate across the extracellular fluid space, and it is necessary
to administer a volume of fluid up to five times the volume of
blood that has been lost from the vascular space.23 As they occur,
whole blood losses are replaced with the appropriate volume of
colloid or balanced electrolyte solution.

Finally, consideration must also be given to the administration
of fluids to maintain cardiovascular stability and organ perfusion,
which might be altered by the direct hemodynamic effects of the
anesthetic drugs used. The total volume of fluid administered to
patients in the perioperative period should be adjusted to ensure
that vital signs such as blood pressure and urine production are
maintained above critical levels. It is important to remember that
perioperative release of alcohol dehydrogenase can reduce the
volume of urine produced. This will complicate the ability to as-
sess or use urine production as a prognostic indicator of volume
expansion.

The intraoperative administration of large volumes of replace-
ment fluids can lead to hemodilution and the interstitial accumu-
lation of fluids. Although some degree of hemodilution can be
beneficial, the hematocrit should be maintained above 21% in
healthy patients and at 25% at least in critically ill patients. Total
serum protein levels should not be permitted to decrease to below
35 g/L (3.5 g/dL) or albumin to levels below 15 g/L (1.5 g/dL).65

It has been suggested that hypertonic saline and dextran 70 solu-
tions may be of value for the intraoperative management of hem-
orrhagic episodes in maintaining hemodynamic function and re-
ducing the possibility of inducing a fluid volume overload.50

Continual assessment of the patient is necessary to maintain
cardiovascular stability postoperatively. If ongoing blood losses
are not of concern, then the clinician’s attention should be di-
rected toward replacing continuing third-space losses and main-
tenance requirements of the patient. Care should be exercised
when administering crystalloid solutions in the postoperative pe-
riod. Overt fluid overloading may not be readily apparent in pa-
tients until 24 to 72 h after the surgical procedure. Postsurgical
alterations in aldosterone and alcohol dehydrogenase activity re-
sult in reduced free-water clearance in the postoperative period.
Once the neurohormonal responses to the surgical procedure
abate, third-space fluid and the excess fluid in the interstitial
space are mobilized and returned to the vascular space. This can
cause a volume overload that might be detrimental to critically ill
patients (e.g., those with pulmonary edema).40

Electrolyte Disturbances
Compositional changes in the extracellular fluid during the peri-
operative period may be caused by previous or ongoing disease
processes or they may be iatrogenic in origin. Clinically signifi-
cant disturbances in electrolyte balance should be corrected in
the preoperative period. Acute, life-threatening, intraoperative al-
terations in sodium, calcium, or magnesium concentrations are
uncommon unless iatrogenically induced.

Sodium
This is the osmolar skeleton of the extracellular fluid. Sodium
balance may be altered by depletion or retention of water,
sodium, or both. Sodium regulation and diseases that result in
sodium imbalances are discussed elsewhere.11,15,117

Hyponatremia exists when the serum sodium concentration is
less than 136 mmol/L (136 mEq/L). Clinical signs relating to
neurological dysfunction occur when the sodium concentration is
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less than 120 mmol/L (120 mEq/L) and become marked when
serum sodium is less than 110 mmol/L (110 mEq/L). Clinical
signs include anorexia, lethargy, weakness, vomiting, muscle
cramping, myoclonus, seizures, tachycardia, shock, and coma. In
complicated cases, the ECG may reveal a widened QRS complex
with an elevated ST segment. A nonrespiratory dilutional acido-
sis may also develop. Ventricular tachycardia or fibrillation can
occur when serum sodium levels are below 100 mmol/L (100
mEq/L). Severe hyponatremia may be corrected with the careful
administration of 3% saline over 24 h. It has been recommended
that the amount of sodium to be administered during this period
be calculated as follows:15

In less severe situations, free-water restriction, correction of the
underlying cause, and intravenous administration of 0.9% saline
may be considered.

Hypernatremia occurs most commonly owing to water loss in
excess of the sodium loss in small animal patients. Those animals
that do not have free access to water are prone to develop hyper-
natremia if they have increased water losses such as would occur
from heat prostration, burns, and so forth. Salt poisoning occurs
commonly in cattle and swine.117 Serum sodium concentrations
above 156 mmol/L (156 mEq/L) in dogs and 160 mmol/L (160
mEq/L) in cats and large animal species constitute hyperna-
tremia. Severe hypernatremia may lead to nonrespiratory con-
centration alkalosis. Clinical signs include lethargy, confusion,
muscle weakness, myoclonus, seizures, and coma. The severity
of the clinical signs depends on the rate of onset and the degree
of the hypernatremia. Treatment depends on the initial cause of
the hypernatremia and the chronicity of the electrolyte imbal-
ance. Significant sodium imbalances should be medically man-
aged and corrected prior to any anesthetic or surgical procedure.
Details regarding the medical management of hypernatremic
states are readily available from a number of sources.11,15,118

Calcium
This ion plays a major role in the physiology of neuromuscular
function, cell membrane permeability, muscle contraction, and
hemostasis. With respect to total body content, up to 99% of cal-
cium is located within bone. Total serum calcium consists of an
ionized portion, a protein-bound portion, and a portion that is
complexed to divalent anions such as phosphate and bicarbonate.
Close to 50% of total serum calcium is bound to proteins, primar-
ily albumin. Although the ionized portion (40%) is the physio-
logically active fraction, it is rarely measured. Serum ionized cal-
cium levels are pH dependent, with alkalemia reducing and
acidemia increasing ionized serum calcium levels. In dogs, for-
mulas have been developed to adjust calcium measurements to
account for alterations in serum protein or albumin concentra-
tions.119 In cats, at least one study has recommended that similar
adjustments not be made.120

Symptomatic hypocalcemia can be caused by hypoparathy-
roidism and eclampsia in small animals or parturient paresis in
large animal species. Intraoperative hypocalcemia, induced by

the administration of large volumes of citrated whole blood, re-
duces ventricular function and systemic blood pressure.121

Hypocalcemia exists when serum calcium levels are below 1.75
mmol/L (7 mg/dL) in small animals and below 2.0 mmol/L (8
mg/dL) in large animal species. Hypoalbuminemia may induce
hypocalcemia of 1.75 to 2.0 mmol/L (7 to 8 mg/dL) in small an-
imals. Serum calcium concentrations below 1.62 mmol/L (6.5
mg/dL) are generally the result of a metabolic disorder. Small an-
imals with hypocalcemia may show clinical signs of restlessness,
muscle fasciculations, tetany, or convulsions. The ECG may
show prolonged QT and ST segments because of prolonged my-
ocardial action potentials. Recently calved, mature cattle with
parturient paresis often have serum calcium levels less than 1.25
mmol/L (5 mg/dL). These cows become recumbent when serum
calcium levels are less than 1.5 mmol/L (6 mg/dL). Serum cal-
cium levels less than 1.0 mmol/L (4 mg/dL) are fatal.

Acute, intraoperative, hypocalcemic episodes that are iatro-
genic in origin may be treated with 10% calcium chloride or cal-
cium gluconate: 10% calcium chloride contains 1.4 mEq/mL of
calcium, whereas calcium gluconate contains 0.45 mEq/mL of
calcium. The dose to be administered depends on the severity of
the situation and ranges from 5 to 15 mg/kg administered over 1
h. If more than 50 mL/kg of whole blood or packed red cells is
administered, then calcium supplementation should be consid-
ered in order to counteract the effects of the anticoagulant. Up to
6 mL of calcium chloride/gluconate per unit of blood may be ad-
ministered via a separate intravenous route. The ECG should be
observed for evidence of toxicity during the infusion, and addi-
tional laboratory data should be assessed prior to administering
subsequent calcium salts.

Hypercalcemia can result from hyperparathyroidism or malig-
nancies in small animals, whereas in large animals it is often ia-
trogenic in origin—in many instances the result of excessive di-
etary supplementation. Hypercalcemia has been reported to
occur in horses with chronic renal failure.117 Hemoconcentration
that results in increased serum albumin levels may increase
serum calcium levels to 3.2 mmol/L (13 mg/dL). Serum calcium
concentrations above 3 mmol/L (12 mg/dL) in dogs and 2.74
mmol/L (11 mg/dL) in cats are indicative of hypercalcemia.
Clinical signs include anorexia, vomiting, and gastrointestinal
dysfunction. Generalized locomotor weakness may also be evi-
dent. Bradycardia, with a prolonged PR interval and a shortened
ST segment, may be observed. Rapid increases in serum calcium
levels in excess of 3.74 mmol/L (15 mg/dL) may lead to vagal
stimulation and severe bradycardia, whereas severe, but less
acute, increases may lead to ventricular dysrhythmias.122,123

Potassium
This is the primary intracellular cation, and at least 90% of the
total body potassium content is located within the intracellular
compartment. Extracellular fluid potassium content represents
approximately 2% of the total body content. As a result, serum
potassium levels may not accurately represent the extent or
severity of a potassium disorder, particularly in chronic disease
processes. Potassium is highly labile, and serum levels are signif-
icantly altered in the presence of acidemia, alkalemia, or extra-

mmol Na BW normal [Na patient’s [kg
+ += −0 2. ( ] NNa+ ])
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cellular fluid osmolality changes or by alterations in serum in-
sulin, glucagon, or catecholamine concentrations. Changes in ex-
tracellular fluid pH cause rapid and significant alterations in the
potassium concentration of extracellular fluid. Acute reductions
in PaCO2 of 10 mm Hg have been shown to increase plasma pH
by 0.1 unit and decrease plasma potassium by 0.4 mmol/L (0.4
mEq/L) in dogs.124 Similarly, in cats, serum potassium concen-
trations change on an order of 0.6 to 0.7 mmol/L (0.6 to 0.7
mEq/L) per 0.1 unit change in pH.58 Intraoperative ventilatory or
metabolic acid-base disturbances are common, particularly in
critically ill patients. Anesthesiologists must monitor patients for,
and respond to, significant alterations in plasma potassium levels
before they become life-threatening.

Hypokalemia results from reductions in dietary intake or in-
creased losses through the urinary or gastrointestinal systems.
Increased losses through the urinary system can be caused by os-
motic diuresis, chronic steroid therapy, or the use of loop or thi-
azide diuretics. Alkalemia will reduce serum potassium levels as
extracellular potassium moves intracellularly in exchange for hy-
drogen ions. The degree to which clinical signs become apparent
depends on the rapidity of the electrolyte alteration and the
chronicity of the disease process. An acute reduction in serum
potassium levels to less than 3.0 mmol/L (3 mEq/L) results in clin-
ical signs that may include reduced gastrointestinal motility and
generalized muscle weakness. Rapid reductions in extracellular
potassium levels disrupt the normal intracellular to extracellular
potassium ratio and hyperpolarize myocardial cells. The ECG
demonstrates evidence of prolonged repolarization times, with
prolonged PR, QRS, and QT intervals, depression of the ST seg-
ment, and a flattened or inverted T wave. Severe cardiac manifes-
tations of hypokalemia may include sinus bradycardia, heart block,
paroxysmal atrial tachycardia, and atrioventricular dissociation.118

Clinical signs may not be apparent until the potassium concentra-
tion approaches 2.5 mmol/L (2.5 mEq/L) in chronic conditions.

Patients in which serum potassium levels have been acutely re-
duced to below 3.0 mmol/L (3 mEq/L) should have their serum
potassium levels corrected, if at all possible, before inducing anes-
thesia. Moderate to severe reductions in serum potassium levels
(2.5 mEq/L) may require the intravenous administration of potas-
sium chloride. It is important that the clinician assess the patient’s
cardiac and renal function and that the fluid volume and acid-base
status of the patient be determined. Volume deficits and acid-base
disturbances should be corrected early to ensure adequate renal
perfusion and to enable the clinician to determine the plasma
potassium levels in a more normalized situation with respect to the
patient’s acid-base status. Potassium chloride may be infused at a
rate of 0.5 mmol/kg/h (0.5 mEq/kg/h) to a maximum daily dose of
2 to 3 mmol/kg (2 to 3 mEq/kg).118 Patient status must be moni-
tored continually during this period. In addition to serial potassium
determinations, the patient should be monitored with an ECG so
that early signs of potassium toxicity can be detected.

In situations where the potassium imbalance is caused by a
chronic disease process, anesthesia and surgery should be de-
layed, if possible, and the imbalance corrected and medically
managed over 3 to 5 days. In this situation, the goal is to replen-
ish the total body potassium deficit without inducing clinical

signs of potassium toxicity. This may be accomplished through
the oral administration of potassium supplements or the par-
enteral administration of a maintenance solution in which the
potassium level has been adjusted to at least 20 to 30 mmol/L (20
to 30 mEq/L). Again, it is imperative to assess the patient’s sta-
tus continually and alter the therapeutic regimen accordingly.

If the surgical procedure cannot be delayed, then it may be
prudent not to correct serum potassium levels that have been re-
duced to values between 2.5 to 3.0 mmol/L (2.5 to 3.0 mEq/L) by
a chronic process. Rapid corrections of plasma potassium levels
in this instance may acutely disturb the intracellular to extracel-
lular potassium ratio and induce alterations in cell membrane sta-
bility. In humans, chronic reductions of serum potassium levels
to 2.6 mmol/L (2.6 mEq/L) were not associated with, or predic-
tive of, intraoperative dysrhythmias. Instead, intraoperative dys-
rhythmias were better correlated with the incidence of preopera-
tive dysrhythmias.125

Hyperkalemia is not as common in large animals as in small
animals, but it does occur with acidemia and equine hyper-
kalemic periodic paralysis. In small animals, increases in plasma
potassium levels in excess of 6.5 mmol/L (6.5 mEq/L) may be ia-
trogenic or result from renal failure, urethral obstruction, hypo-
adrenocorticoidism, or acidemia. Postoperatively, increased
plasma potassium levels may occur owing to increased tissue ca-
tabolism or acidemia. Neonates, Akitas, and English springer
spaniels are known to have a high potassium content (20 mEq/L)
within their red blood cells, and hemolysis may cause hyper-
kalemia.126 In most instances, there is no total body excess of
potassium, and the increase in potassium content is limited to the
extracellular fluid compartment.

Increases in extracellular fluid potassium concentrations de-
crease the magnitude of cell membrane polarization, which subse-
quently enhances membrane excitability. Clinical signs become ap-
parent once the plasma potassium concentration exceeds 6.5
mmol/L (6.5 mEq/L). Myocardial contractility decreases and
bradycardia develops. As the plasma potassium concentration ap-
proaches 8 mmol/L (8 mEq/L), the ECG will show peaked T waves
and a decrease in the P-wave amplitude. Plasma potassium concen-
trations above 8 mmol/L (8 mEq/L) have a significant effect on my-
ocardial activity. The PR interval is prolonged, and the P wave may
be absent. As the potassium level increases, the QRS complex
widens until it assumes a sine-wave appearance, and atrioventricu-
lar dissociation occurs. Eventually, asystole or ventricular fibrilla-
tion ensues. Patients with a plasma potassium concentration above
6.5 mmol/L (6.5 mEq/L) should not be anesthetized unless the pa-
tient’s life is immediately threatened by some other process.

Severe potassium-induced cardiotoxicity may be initially an-
tagonized by the intravenous administration of 10% calcium chlo-
ride or gluconate at a dose of 0.2 to 0.3 mEq/kg. If the dysrhyth-
mias persist, the dosage may be repeated in 5 min. Additional
doses of calcium salts after this point are unlikely to be of benefit.
Calcium will help restore cell membrane potentials, and although
its effect will last only for 10 to 20 min, this will provide time to
institute other therapeutic measures. Rapid decreases in plasma
potassium concentration may also be achieved by instituting con-
trolled ventilation and reversing respiratory acidosis rapidly.94
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Fluid volume deficits and acid-base disturbances should be as-
sessed and corrected: 5% dextrose or 0.9% saline may be used to
correct the fluid deficit, promote diuresis, and functionally dilute
the extracellular potassium. Dextrose solutions not only provide
free water for volume-replacement purposes but enhance the cel-
lular uptake of potassium as part of the normal mechanisms of
glucose metabolism. In situations where plasma potassium levels
are significantly increased, glucose may be administered at a
dose of 0.5 to 1.0 g/kg to enhance the intracellular movement of
potassium. The effect of this therapeutic measure should last for
a few hours. The effect of glucose on serum potassium concen-
tration may be facilitated by administering 0.5 unit/kg of regular
insulin combined with dextrose at a ratio of 2 g of dextrose per
unit of administered insulin.118 Correction of acidemia will result
in an intracellular shift of potassium in exchange for hydrogen
ions. Considerations for therapeutic measures in acid-base distur-
bances are discussed in Chapter 7. Patients should be continually
assessed and care taken to ensure that the therapeutic measures
undertaken do not cause hypokalemia or other functional dis-
turbances.
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Introduction
Anticholinergics and sedatives are two of the most widely used—
and misused—classes of anesthetic adjuncts in veterinary medi-
cine. Anticholinergics are used perioperatively to manage brady-
cardia and atrioventricular (AV) block associated with surgical
manipulation (oculovagal and viscerovagal reflexes) or with the
administration of other anesthetic adjunctive drugs (e.g., �2-
agonists or opioids). Occasionally, they are also used to control
excessive oral and airway secretions. Anticholinergics are often
combined with sedatives and opioids as part of a preanesthetic
combination. Intraoperatively, anticholinergics are used prima-
rily to manage sinus bradycardia and other vagally mediated ar-
rhythmias. Sedatives are used perioperatively to induce sedation,
provide restraint, and reduce the amount of injectable and inhala-
tional anesthetics required to induce and maintain anesthesia.
Some sedatives suppress or prevent vomiting (phenothiazines
and butyrophenones), others provide muscle relaxation (benzodi-
azepines), and still others provide analgesia and muscle relax-
ation (�2-agonists). Sedatives can also be used to promote a
smooth recovery from anesthesia, and some sedatives (�2-
agonists, opioids, and benzodiazepines) have specific antagonists
that can be administered after short diagnostic and minor surgi-
cal procedures.

Anticholinergics and sedatives should not be administered pe-
rioperatively on an indiscriminate basis. Rather, the risks and
benefits associated with administration of different drugs should
be assessed, and the safest drugs chosen for each patient. Most
injectable and inhalational anesthetics that are used currently do
not cause the dramatic autonomic responses (salivation and
bradycardia) that occurred with some older anesthetics (ether).
Further, the tachycardia induced by anticholinergic administra-
tion may be contraindicated in some patients with cardiovascular
disease (e.g., hypertrophic cardiomyopathy). Therefore, anti-
cholinergics should be administered only when there is a clear in-

dication for their use (prevention or treatment of bradycardia).
Similarly, most sedatives have significant cardiovascular side ef-
fects. The phenothiazines can contribute to the development of
significant intraoperative hypotension. The �2-agonists consis-
tently cause bradycardia and a decrease in cardiac output. Alter-
nately, the benzodiazepines are relatively free of cardiovascular
side effects, but may not be reliable sedatives in some patients.
The following patient-related factors should be considered when
selecting anticholinergics and sedatives for perioperative use:
age, species, temperament, concurrent disease, medications, and
previous response to anesthetic drugs. Several procedure-
related factors also play a practical role in drug selection. These
include the type of procedure (inpatient or outpatient, diagnostic
or surgical, and elective or emergency), as well as the duration of
the procedure. Availability and clinical experience with the use of
anticholinergics and sedatives in different species must also be
considered.

Anticholinergics
Anticholinergics are often called parasympatholytic drugs be-
cause they block the effects of the parasympathetic nervous sys-
tem on other body systems—especially the cardiovascular and
gastrointestinal systems. Atropine and glycopyrrolate are the an-
ticholinergics used most commonly in veterinary medicine.
These two drugs do not block nicotinic cholinergic receptors and
are more accurately classified as antimuscarinics. There are three
major types of muscarinic receptors: M1, M2, and M3 (Table 9.1).
M1 receptors are located on neurons in the central nervous sys-
tem (CNS) and on autonomic ganglia. M2 receptors are located
in the sinoatrial (SA) and AV nodes and in the atrial myocardium.
M3 receptors are located in secretory glands, vascular endothe-
lium, and smooth muscle. The cellular response to activation of
these muscarinic receptors is mediated by several different mo-
lecular mechanisms (Table 9.1). Anticholinergics can also pro-
duce indirect sympathomimetic and parasympathomimetic ef-
fects. Presynaptic muscarinic receptors (heteroceptors) located
on sympathetic nerve terminals normally inhibit release of
norepinephrine, and blockade of these receptors by muscarinic
antagonists facilitates release of norepinephrine. Similarly, pre-
synaptic muscarinic receptors (autoreceptors) located on para-
sympathetic nerve terminals normally inhibit release of acetyl-
choline, and blockade of these receptors by muscarinic
antagonists facilitates release of acetylcholine.

Atropine and glycopyrrolate are relatively nonselective mus-
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carinic antagonists, but despite this lack of selectively the effec-
tiveness of muscarinic blockade varies considerably from tissue
to tissue (Table 9.2). Salivary and bronchial glands are the most
sensitive to muscarinic blockade. Cardiac tissues and smooth
muscle are intermediate in sensitivity, and gastric parietal cells
are the least sensitive to muscarinic blockade. Cardioselective
muscarinic (M2) antagonists that prevent bradycardia and have
limited effects on gastrointestinal smooth muscle activity have
become available.1,2

Perioperatively anticholinergics are usually administered to
prevent or treat severe bradycardia caused by surgical manipula-
tion (vagal reflexes) or by administration of other anesthetic
drugs (e.g., �2-agonists and opioids). The incidence and severity
of bradyarrhythmias can be reduced by preoperative administra-
tion of atropine or glycopyrrolate, but significant arrhythmias can
still occur, and anticholinergic administration should never be
used as a substitute for diligent patient monitoring. Anticholin-
ergic administration routinely causes sinus tachycardia, which is
problematic for many patients with cardiovascular disease.
Tachycardia associated with administration of anticholinergics
leads to an increase in myocardial work and a decrease in my-
ocardial perfusion. Further, coadministration of anticholinergics
and ketamine has been associated with the development of my-
ocardial infarcts in, and the death of, young cats undergoing rou-
tine surgical procedures.3 Anticholinergic administration also has
dramatic effects on gastrointestinal function. At therapeutic
doses, nonselective muscarinic antagonists like atropine and gly-
copyrrolate reduce lower esophageal sphincter tone and have lit-
tle effect on gastric pH.4 These two factors increase the incidence

of gastroesophageal reflux and esophagitis in anesthetized dogs.5

Perioperative administration of anticholinergics also reduces in-
testinal motility and can lead to gastrointestinal complications
postoperatively.6

Atropine
This agent is a racemic mixture of the l (�) and d (+) isomers of
hyoscyamine. The l (�) isomer is at least 100 times more potent
than the d (+) isomer. Chemically, atropine consists of two com-
ponents (tropic acid and an organic base) that are bound by an
ester linkage (Fig. 9.1). Atropine has approximately the same
affinity for all three major types of muscarinic receptors. Relative
to other synthetic muscarinic antagonists, atropine is very selec-
tive for muscarinic receptors and has little effect on nicotinic
receptors.

Pharmacokinetics and Pharmacodynamics
Atropine is rapidly absorbed after intramuscular (IM) adminis-
tration. Onset of cardiovascular effects occurs within 5 min, and
peak effects occur within 10 to 20 min. After intravenous (IV)
administration at a dose of 0.03 mg/kg, onset of cardiovascular
effects occurs within 1 min, peak effects occur within 5 min, and
heart rate increases by 30% to 40% for approximately 30 min
(Fig. 9.2).1 The effects of atropine on other body systems subside
within a few hours, but ocular effects can persist for 1 to 2 days.
Atropine is rapidly cleared from the blood after parenteral ad-
ministration. Some of the drug is hydrolyzed to inactive metabo-
lites (tropine and tropic acid), and some of it is excreted un-
changed in the urine. Rabbits and some other species (cats and
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Table 9.1. Anatomical location, cellular response, and physiological response associated with different muscarinic receptor subtypes

Receptor (G Protein) Anatomical Location Cellular Response Physiological Response

M1 (Gq/11) Neurons and autonomic ganglia Activate PLC and increase Depolarization of neurons and 
IP3, DAG, and cytosolic calcium autonomic ganglia

M2 (Gi/o) Sinoatrial node, atrioventricular Increase potassium conductance Decreased sinus rate, conduction 
node, and atrial myocardium Inhibit AC and decrease cAMP velocity, and contractile force

Decrease calcium conductance
M3 (Gq/11) Secretory glands, smooth muscle, Activate PLC and increase IP3, Increased secretion and smooth 

and vascular endothelium DAG, and cytosolic calcium muscle activity, and vasodilation
Generation of nitric oxide

AC, adenylate cylase; cAMP, cyclic adenosine monophosphate; DAG, diacylglycerol; IP3, inositol triphosphate; PLC, phospholipase C.

Table 9.2. Comparative effects of atropine and glycopyrrolate

Decrease in Increase in Decrease in Increase in
Sedation Oral Secretions Heart Rate Gastrointestinal Motility Ocular Effects Gastric pH

Atropine + + +++ ++ ++ 0
Glycopyrrolate 0 ++ +++ ++ 0 +

0, none; +, mild; ++, moderate; +++, marked.
Modified from Stoelting.324



rats) have a plasma enzyme (atropine esterase) that accelerates
metabolism and clearance of the drug.7

At therapeutic doses, atropine administration produces limited
effects on the CNS. A mild sedative effect may be observed, and
the incidence of vomiting mediated by the vestibular system may
be reduced. Blockade of the pupillary constrictor muscle and the
ciliary muscle produces long-lasting mydriasis and cycloplegia,
respectively. Lacrimal secretions are also reduced, which may
contribute to corneal drying during anesthesia unless artificial
tears are applied concurrently.8–10 Atropine should be used with
discretion in animals with acute glaucoma and increased intraoc-
ular pressure because its mydriatic effect may impede drainage
from the anterior chamber.

Atropine administration produces very dramatic effects on
heart rate and rhythm.11–13 The SA and AV nodes and the atrial

myocardium all receive vagal parasympathetic input. Muscarinic
receptors are located both presynaptically and postsynaptically in
the SA and AV nodes. The typical response to IV or IM adminis-
tration of therapeutic doses (0.02 to 0.04 mg/kg) of atropine is
blockade of postsynaptic muscarinic receptors that leads to an in-
crease in sinus rate, an acceleration of AV nodal conduction, and
an increase in atrial contractility. At lower doses, a transient de-
crease in sinus rate and slowing of AV nodal conduction (AV
blockade) can occur.11,12 This response appears to be due to
blockade of presynaptic muscarinic receptors that normally in-
hibit acetylcholine release.14 Once postsynaptic muscarinic
blockade is established, this paradoxical increase in vagal tone
usually resolves.

Airway smooth muscle and secretory glands also receive para-
sympathetic input from the vagus nerves. Blockade of M3 recep-
tors by therapeutic doses of atropine decreases airway secretions
and increases airway diameter and anatomical dead space. In the
past, atropine was given before administration of noxious inhaled
anesthetics (ether) to reduce airway secretions and the potential
for laryngospasm. Modern inhaled anesthetics do not cause the
same degree of airway irritation, and routine preoperative admin-
istration of atropine for this reason is difficult to justify.

Atropine administration also produces very dramatic effects
on the gastrointestinal system. Blockade of M1 and M3 receptors
in the gastrointestinal tract reduces secretory activity and motil-
ity. In dogs, administration of atropine reduces smooth muscle
contractile activity, and administration of selective M2 antago-
nists has limited effects on intestinal motility.1 Atropine is not
usually administered perioperatively to large animals. Although
it can be given to horses intraoperatively to manage severe brady-
cardia associated with administration of �2-agonists, gastrointes-
tinal motility is reduced and colic can occur postoperatively.6,15

Clinical Uses
Atropine can be given subcutaneously (SC), IM, or IV, but the IM
and IV routes are preferred because uptake from subcutaneous
sites can be erratic in patients with altered hydration and peripheral
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circulation. Doses for dogs and cats range from 0.02 to 0.04
mg/kg. Atropine is also effective when given endotracheally or en-
dobronchially to dogs for cardiopulmonary resuscitation.16 Doses
for ruminants and swine range from 0.04 to 0.08 mg/kg, but sali-
vation may not be completed obtunded in these species. Atropine
is not usually given perioperatively to horses because of its gas-
trointestinal side effects. Atropine can also be used to control mus-
carinic side effects when anticholinesterases (e.g., edrophonium)
are administered to reverse neuromuscular blockade produced by
nondepolarizing muscle relaxants (e.g., atracurium).

Glycopyrrolate
This is a synthetic quaternary ammonium muscarinic antagonist.
Like atropine, the drug consists of two components (mandelic
acid and an organic base) bound together by an ester linkage
(Fig. 9.1). Glycopyrrolate is four times as potent as atropine and
has approximately the same affinity for all three major types of
muscarinic receptors. The drug’s polar structure (quaternary
amine) limits diffusion across lipid membranes and into the CNS
and fetal circulation.17

Pharmacokinetics and Pharmacodynamics
Absorption, metabolism, and elimination of glycopyrrolate are
similar to that of atropine. Absorption is rapid after IM adminis-
tration. Onset of cardiovascular effects occurs within 5 min, peak
effects occur within 20 min, and heart rate remains elevated for
approximately 1 h.18 Glycopyrrolate is rapidly cleared from the
blood after parenteral administration, and most of the drug is ex-
creted unchanged in the urine.

At therapeutic doses, glycopyrrolate produces few, if any, ef-
fects on the CNS. Unlike atropine administration, sedation is not
observed, and recovery times are not prolonged. Administration
of glycopyrrolate to conscious dogs with normal intraocular
pressure does not alter pupil diameter and intraocular pressure,
and intraoperative administration of glycopyrrolate to dogs with
glaucoma and increased intraocular pressure appears to be safe.19

Similarly, pupil diameter and light reflexes are unaffected when
conscious horses are administered glycopyrrolate IV.20

Glycopyrrolate administration produces effects on the heart
that are comparable to those of atropine.12 Studies in people sug-
gest that glycopyrrolate produces less tachycardia than atropine,
but the two drugs produce similar increases in heart rate when
administered IV to sedated or anesthetized dogs.12,21 The typical
response to IV or IM administration of therapeutic doses (5 to 10
µg/kg) of glycopyrrolate is an increase in sinus rate, acceleration
of AV nodal conduction, and an increase in atrial contractility. At
lower doses, a transient decrease in sinus rate and slowing of AV
nodal conduction can occur.12 Glycopyrrolate can also be given
intraoperatively to correct bradycardia in both small and large
animals. Dogs weighing less than 10 kg require a higher dose of
glycopyrrolate (10 µg/kg IV) to correct bradycardia, and those
over 10 kg require a lower dose (5 µg/kg IV).22 Glycopyrrolate is
given to horses at a lower dose (2.5 to 5.0 µg/kg IV) to correct
bradycardia and to increase cardiac output and blood pressure
(Fig. 9.3), but the potential for postoperative gastrointestinal
complications (colic) must be considered.23,24

Like atropine, glycopyrrolate produces dramatic effects on the
gastrointestinal system. Intestinal motility is reduced for at least
30 min in anesthetized dogs.21 In conscious horses, gastrointesti-
nal motility is reduced for 2.4 and 6.4 h after IV administration
of glycopyrrolate at doses of 2.5 and 5.0 µg/kg, respectively.20

Further, when these doses were given intraoperatively to 17
horses undergoing routine surgical procedures, only one horse
developed signs of colic postoperatively.23 Although well-
controlled comparative studies are lacking, glycopyrrolate ap-
pears to be a safer choice than atropine for the treatment of intra-
operative bradycardia in horses.
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Clinical Uses
Glycopyrrolate is used perioperatively to prevent severe brady-
cardia caused by surgical manipulation (vagal reflexes) or by ad-
ministration of other anesthetic drugs (�2-agonists and opioids).
Glycopyrrolate can be given subcutaneously (SC), IM, or IV, but
the IM and IV routes are preferred because uptake from SC sites
can be erratic in patients with altered hydration and peripheral
circulation. Doses for dogs and cats range from 5 to 10 µg/kg.
Intravenous doses for horses range from 2.5 to 5.0 µg/kg, but gas-
trointestinal side effects can occur. Like atropine, glycopyrrolate
can be used to control muscarinic side effects when anti-
cholinesterases (e.g., edrophonium) are given to reverse neuro-
muscular blockade produced by nondepolarizing muscle relax-
ants (e.g., atracurium).

Sedatives
Behavioral responses to different classes of sedatives vary con-
siderably among species. The phenothiazines and �2-agonists are
effective sedatives in dogs and cats but are not reliable sedatives
in swine. Conversely, the benzodiazepines are effective sedatives
in ferrets, rabbits, swine, and birds but are not reliable sedatives
in cats and young dogs. Dose requirements also vary consider-
ably among species. For example, the �2-agonists are effective
sedatives in horses and cattle, but the xylazine dose requirement
for horses is approximately ten times that for cattle. Because of
this variability, accurate classification of these drugs as tranquil-
lizers, sedatives, or hypnotics is problematic. Therefore, the
drugs discussed in this chapter are simply referred to as seda-
tives, with the knowledge that their effects will vary with species
and with dose.

In North America, only a limited number of sedatives are ap-
proved for use in animals. All of these sedatives are classified as
phenothiazines (acepromazine), butyrophenones (azaperone), or
�2-agonists (xylazine, medetomidine, detomidine, and romifi-
dine). Despite the widespread use of benzodiazepines (diazepam
and midazolam) as sedatives, muscle relaxants, and anticonvul-
sants in veterinary medicine, none are approved and marketed for
use in animals. In the United States, the benzodiazepine zo-
lazepam is available in combination with a dissociative anes-
thetic (tiletamine) and is approved for use in cats and dogs as an
anesthetic. Only acepromazine and xylazine are approved for use
in cats, dogs, and horses. Medetomidine is approved for use in

dogs, detomidine and romifidine are approved for use in horses,
and azaperone is approved for use in swine. In Canada, acepro-
mazine and xylazine are also approved for use in ruminants.

Selection of sedatives for different species and for animals
with different behavioral and medical problems can be difficult
without a thorough understanding of the physiological effects of
the different classes of sedatives. In cats and dogs, administration
of acepromazine or an �2-agonist is associated with significant
cardiovascular side effects (hypotension or bradycardia, respec-
tively). Therefore, these sedatives are probably best reserved for
use in young healthy animals. If a sedative is needed for pedi-
atric, geriatric, or sick patients, administration of diazepam or
midazolam should be considered. In horses, acepromazine and
the �2-agonists are the only reliable sedatives, and doses must be
carefully individualized for each patient. Although midazolam is
not widely used in animals, it is an excellent sedative for swine
and some exotic species (rabbits, ferrets, and birds).

Phenothiazines and Butyrophenones
Phenothiazines and, to a lesser extent, butyrophenones produce a
wide variety of behavioral, autonomic, and endocrine effects.
The behavioral effects of these drugs are mediated primarily by
blockade of dopamine receptors in the basal ganglia and limbic
system. At therapeutic doses, phenothiazines and butyrophe-
nones inhibit conditioned avoidance behavior and decrease spon-
taneous motor activity. At higher doses, extrapyramidal effects
(tremor, rigidity, and catalepsy) can occur. These sedatives also
have significant binding affinity for autonomic (adrenergic and
muscarinic) and other types of receptors (Tables 9.3 and 9.4). For
example, phenothiazines bind with greater affinity to �1 recep-
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Table 9.3. Relative receptor-binding affinities of phenothiazines
and butyrophenones

D1 D2 �1 5-HT2 M3 H1

Phenothiazines + ++ +++ +++ + +
Butyrophenones ++ +++ + + + +

�1, alpha receptor; D, dopamine receptor; H, histamine receptor; 5-HT2,
5-hydroxytryptamine (serotonin) receptor; M3, muscarinic receptor; +,
weak; ++, moderate; +++, strong.

Table 9.4. Adverse effects of phenothiazines and butyrophenones

Pharmacological Effects Mechanism

Central nervous system Catalepsy, tremor, and rigidity Dopaminergic blockade
Seizure activity Electroencephalographic slowing and synchro-

nization
Autonomic nervous system Decreased blood pressure and hematocrit �-Adrenergic blockade

Decreased glandular secretions Muscarinic blockade
Endocrine system Galactorrhea, abnormal cycles, and altered libido Dopaminergic blockade and increased prolactin 

secretion



tors than to dopaminergic receptors. Blockade of �1 receptors is
responsible for the hypotension that is typically associated with
perioperative use of these drugs. Blockade of these receptors may
also be responsible for the ability of phenothiazines and buty-
rophenones to protect against the development of malignant hy-
perthermia in susceptible animals anesthetized with halothane.25

Dopamine receptors in the hypothalamus are responsible for
tonic inhibition of prolactin secretion. Blockade of these recep-
tors increases prolactin secretion and is responsible for most of
the endocrine effects associated with administration of these
drugs. Blockade of dopamine receptors in the chemoreceptor
trigger zone of the medulla produces an antiemetic effect, and de-
pletion of catecholamines in the thermoregulatory center of the
hypothalamus leads to a loss of thermoregulatory control. Pheno-
thiazines and butyrophenones also produce slowing and synchro-
nization of the electroencephalogram, which can facilitate the de-
velopment of seizures in predisposed animals.26

Dopamine is largely an inhibitory neurotransmitter and is re-
sponsible for regulation of behavior, fine motor control, and pro-
lactin secretion. Dopamine receptors are G-protein–coupled re-
ceptors and are divided into two major families of receptors:
Dopamine 1 (D1) receptors are located postsynaptically, and
dopamine 2 (D2) receptors are located both presynaptically and
postsynaptically. Activation of the D1 family of receptors in-
creases adenylate cyclase activity and intracellular levels of
cyclic adenosine monophosphate (cAMP). Activation of the D2
family of receptors decreases adenylate cyclase activity and in-
tracellular levels of cAMP, and can also activate other presynap-
tic signal transduction pathways (decrease calcium conductance)
and postsynaptic signal transduction pathways (increase potas-
sium conductance). Most behavioral effects are mediated by the
D2 family of receptors.

Acepromazine
This is one of the most widely used sedatives in veterinary
medicine. The chemical name of acepromazine is 2-acetyl-10-
(3-dimethylaminopropyl) phenothiazine (Fig. 9.4). The drug is
more potent than other phenothiazine derivatives and produces
sedation at relatively low doses. Acepromazine administration
produces some muscle relaxation but has no analgesic effect. In
North America, the drug is sold as acepromazine maleate and is
approved for use in both small and large animals.

Pharmacokinetics and Pharmacodynamics Onset of sedation
after parenteral administration of acepromazine to cats, dogs, and
horses is relatively slow, and sedation persists for several hours.
In dogs given acepromazine and an opioid IM, onset of sedation
is observed within 15 min, peak effects are observed within 30
min, and sedation lasts for 2 to 3 h.27,28 In horses given acepro-
mazine IV, peak effects are observed within 30 min and sedation
lasts for 1 to 2 h.29,30 The pharmacokinetics of IV administration
of acepromazine have been determined in horses at relatively
high doses. At a dose of 0.3 mg/kg, acepromazine is widely dis-
tributed (Vd = 6.6 L/kg), is extensively protein bound (>99%),
and has an elimination half-life of 3 h.29 At a dose of 0.15 mg/kg,
acepromazine has a smaller volume of distribution (Vd = 4.5

L/kg) and shorter elimination half-life (1.6 h).30 The drug is me-
tabolized by the liver, and unconjugated and conjugated metabo-
lites are excreted in the urine.31

Acepromazine administration decreases halothane and isoflu-
rane requirements in several species. In dogs anesthetized with
halothane, IM administration of acepromazine at doses of 0.02
and 0.2 mg/kg decreases the minimum alveolar concentration
(MAC) by 34% and 44%, respectively.32 In a comparative study,
IM administration of acepromazine (0.2 mg/kg) to dogs anes-
thetized with halothane or isoflurane decreased the MAC by 28%
and 48%, respectively.33 Administration of acepromazine (0.05
mg/kg IV) also decreases the MAC of halothane in ponies by
37% and the MAC of isoflurane in goats by 44%.34,35 Given the
30% to 40% reduction in halothane and isoflurane requirements
that occurs when acepromazine is given perioperatively, patients
should always be monitored closely and vaporizer settings re-
duced accordingly.36

Acepromazine administration produces dramatic effects on the
cardiovascular system in both conscious and anesthetized ani-
mals. In conscious dogs, stroke volume, cardiac output, and
mean arterial pressure decrease 20% to 25% after IV administra-
tion of acepromazine (0.1 mg/kg), and mean arterial pressure is
reduced for at least 2 h.37,38 In conscious cats, IM administration
of acepromazine (0.1 mg/kg) decreases mean arterial pressure by
30% within 10 min of injection.39 In dogs anesthetized with
halothane, IV administration of acepromazine at doses of 0.05,
0.125, and 0.25 mg/kg decreases mean arterial pressure by 2.3%,
9.4%, and 16.8%, respectively.40 Preanesthetic administration of
acepromazine (0.1 mg/kg IM) also decreases mean arterial pres-
sure by 24% in dogs anesthetized with isoflurane (Fig. 9.5).41 In
conscious horses, administration of acepromazine (0.1 mg/kg
IV) decreases mean aortic pressure by 20% to 30% and decreases
cardiac output by 10% to 15%.42 In horses anesthetized with
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halothane, IV administration of acepromazine (0.03 mg/kg) de-
creases mean arterial pressure by 25%.43 When acepromazine is
given preoperatively to animals anesthetized with halothane, a
modest decrease in arterial pressure occurs. However, when ace-
promazine is given to animals anesthetized with isoflurane, a dra-
matic decrease in arterial pressure occurs. Currently, the wide-
spread practice of administering acepromazine preoperatively,
maintaining anesthesia with isoflurane, and failing to monitor ar-
terial pressure contributes to the high incidence of intraoperative
hypotension in small animals.

Heart rate does not change appreciably in conscious dogs and
horses administered acepromazine (0.1 mg/kg IV).37,42 Increases
in heart rate and sinus tachycardia can occur in some patients. At
very high doses (1 mg/kg), bradycardia and SA block can occur
in dogs given acepromazine, but these arrhythmias are not usu-
ally observed at lower doses.44 Heart rate decreases after admin-
istration of acepromazine in dogs anesthetized with halothane but
does not change in horses anesthetized with halothane.43,45

Premedication with acepromazine also increases the dose of
epinephrine required to induce ventricular arrhythmias in dogs
anesthetized with halothane.46,47 Blockade of myocardial �1 re-
ceptors by acepromazine may prevent the development of ven-
tricular arrhythmias in anesthetized animals—provided that ade-
quate diastolic pressure is maintained.48

Administration of acepromazine to conscious or anesthetized
animals has little effect on pulmonary function. In conscious
dogs and horses, respiratory rate decreases, but arterial pH, par-
tial pressure of carbon dioxide (PCO2), partial pressure of oxy-

gen (PO2), and hemoglobin saturation do not change after IV ad-
ministration of acepromazine.42,44 In horses anesthetized with
halothane, respiratory rate and arterial blood-gas values do not
change after IV administration of acepromazine.43

Acepromazine administration produces significant gastroin-
testinal and urogenital effects. In dogs, administration of acepro-
mazine 15 min before administration of morphine, hydromor-
phone, or oxymorphone lowers the incidence of vomiting from
45% to 18%.49 However, administration of acepromazine alone
or in combination with an opioid reduces lower esophageal
sphincter tone, delays gastric emptying, and may increase the in-
cidence of gastric reflux.50–52 In horses, acepromazine adminis-
tration delays gastric emptying and reduces intestinal motil-
ity.53,54 Glomerular filtration is maintained in dogs premedicated
with acepromazine and anesthetized with isoflurane.41 Acepro-
mazine also decreases urethral pressure by 20% in cats already
anesthetized with halothane.55

Acepromazine administration can produce significant hemato-
logic side effects in animals. In dogs and horses, hematocrit de-
creases by 20% to 30% within 30 min of acepromazine adminis-
tration and remains well below baseline values for at least 2
h.29,30,56 Acepromazine administration also inhibits platelet ag-
gregation but does not appear to alter hemostasis in normal
dogs.57 Bradycardia and hypotension can occur in boxers and
other breeds of dogs after acepromazine administration. These
animals usually respond to fluid loading with isotonic crystal-
loids and administration of an anticholinergic to correct the
bradycardia. Acepromazine administration produces penile pro-
trusion in horses, and both the degree and duration of protrusion
are dose dependent.29 At a dose of 0.04 mg/kg, protrusion is 60%
of the maximum length within 30 min and is below 30% after 90
min. At a dose of 0.4 mg/kg, protrusion is over 90% of the max-
imum length within 30 min and is still over 80% after 4 h.
Although uncommon, prolonged prolapse or priapism can occur,
and amputation may be required.58 Low doses of acepromazine
can be used safely in geldings but should be avoided in breeding
stallions.

Clinical Uses Clinical uses of acepromazine are usually re-
stricted to healthy animals. The drug is administered alone as a
sedative for nonpainful diagnostic procedures or in combination
with an opioid for painful diagnostic and minor surgical proce-
dures. Acepromazine is also given alone and in combination with
opioids as a preanesthetic to facilitate placement of IV catheters
and to reduce the dose of injectable and inhalational anesthetics
required to induce and maintain anesthesia. Small doses of
acepromazine can also be given postoperatively to smooth
recovery—provided that patients are hemodynamically stable
and that pain has been managed effectively. Administration of
acepromazine postoperatively to quiet patients in the absence of
effective analgesic therapy makes accurate assessment of pain
impossible and is inhumane. The drug is used in several species,
including cats, dogs, and horses, but is not a reliable sedative in
swine. Acepromazine can be given SC, IM, or IV, but the IM and
IV routes are preferred because uptake from SC sites can be er-
ratic in patients with altered peripheral circulation. Intramuscular
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doses for cats and small dogs range from 0.05 to 0.2 mg/kg, and
those for larger dogs range from 0.04 to 0.06 mg/kg. Intravenous
doses for horses range from 0.02 to 0.04 mg/kg.

Azaperone
This agent is a butyrophenone derivative (Fig. 9.4). The chemical
name of the drug is 4-fluoro-4-(4-[2-pyridyl]-1-piperazinyl) bu-
tyrophenone. In North America, azaperone is approved for use in
swine to produce sedation and control aggression when groups of
animals are mixed. The drug produces some muscle relaxation
but has no analgesic effect. Like acepromazine, azaperone can be
used alone or in combination with other drugs (e.g., opioids and
ketamine).

Pharmacokinetics and Pharmacodynamics In pigs, sedation
begins within 10 min after IM administration of azaperone at the
label dose (2 mg/kg). Ideally, animals should be left undisturbed
in a quiet environment for approximately 20 min. Peak sedation
is reached within 15 min in young pigs and within 30 min in ma-
ture animals, and sedation persists for 2 to 3 h. Excitement has
been observed in other species when azaperone is administered
IV.59 Limited pharmacokinetic data are available for azaperone,
but the drug is metabolized by the liver and is rapidly cleared
from tissues.

Azaperone administration produces dramatic effects on the
cardiovascular system. Heart rate and cardiac output decrease by
20% to 40% in young pigs given azaperone IM at a dose of 2.5
mg/kg.60 Arterial pressure decreases in pigs given azaperone IM
at doses ranging from 0.3 to 3.5 mg/kg, and the pressure decrease
is not dose dependent.61

As with acepromazine, azaperone administration has little ef-
fect on pulmonary function, but thermoregulation is impaired.
Small increases in respiratory rate and decreases in arterial PCO2
occur in pigs given azaperone IM at doses of 1 to 3.5 mg/kg.61

Rectal temperature decreases 1° to 2°C over 4 h after IM admin-
istration of azaperone at a dose of 5 mg/kg.62 Intramuscular ad-
ministration of azaperone at a low dose (0.5 mg/kg) prevents se-
rious fighting in breeding boars, but penile prolapse occurs in a
small percentage of animals (<4%).60

Clinical Uses Clinical uses of azaperone are usually restricted
to healthy swine. The drug is used alone as a sedative for non-
painful diagnostic procedures or in combination with an opioid
for painful diagnostic and minor surgical procedures. Azaperone
is also used alone and in combination with opioids as a preanes-
thetic to facilitate placement of IV catheters and to reduce the
dose of injectable and inhalational anesthetics. Intramuscular ad-
ministration of azaperone at a dose of 1 to 2 mg/kg produces a
mild to moderate sedative effect in most swine. Azaperone is also
given in combination with ketamine to immobilize or anesthetize
animals for various diagnostic and surgical procedures. In swine,
administration of azaperone (1 mg/kg IM) and ketamine (5 to 10
mg/kg IM) will immobilize most animals, and administration of
azaperone and ketamine at twice these doses will anesthetize
most animals. Injections should always be made with needles
long enough to reach the target muscle groups. In small pigs,

1-inch needles are adequate, but longer needles must be used in
mature animals. In Canada, animals given azaperone must not be
slaughtered for food for at least 1 day.

�2-Agonists
�2-Agonists are the most widely used class of sedatives in veteri-
nary medicine. In most species, these drugs induce reliable dose-
dependent sedation, analgesia, and muscle relaxation that can be
readily reversed by administration of selective antagonists.

Xylazine has been used in both small and large animals for
over two decades, and detomidine has been used in horses for
over a decade.63,64 In small animals, medetomidine has been
used for several years in North America and in Europe.65–67

Romifidine has also been used in horses in North America and 
in Europe.64 Selective antagonists (tolazoline, yohimbine, and
atipamezole) are available for use in both small and large ani-
mals in several countries. �2-Agonists and their antagonists are
also used to facilitate capture and handling of many exotic
species.68,69

The �2 receptors are located in tissues throughout the body,
and norepinephrine is the endogenous ligand for these receptors.
The �2 receptors exist presynaptically and postsynaptically in
neuronal and nonneuronal tissues, and extrasynaptically in the
vascular endothelium and in platelets. Within the nervous sys-
tem, �2 receptors are located presynaptically on noradrenergic
neurons (autoreceptors) and on nonnoradrenergic neurons (hete-
roceptors). The sedative and anxiolytic effects of �2-agonists are
mediated by activation of supraspinal autoreceptors or postsy-
naptic receptors located in the pons (locus ceruleus), and the
analgesic effects are mediated by activation of heteroceptors lo-
cated in the dorsal horn of the spinal cord.70 Supraspinal �2 re-
ceptors located in the pons also play a prominent role in descend-
ing modulation of nociceptive input.

Three distinct �2-receptor subtypes (A, B, and C) have been
identified.71–73 The cellular response to activation of these recep-
tor subtypes is mediated by several different molecular mecha-
nisms (Table 9.5). Physiological responses have been determined
in transgenic or “knockout” animals, but specific cellular re-
sponses associated with each of the receptor subtypes have not
been clearly defined. The �2A receptors mediate sedation, supra-
spinal analgesia, and centrally mediated bradycardia and hy-
potension, whereas the �2B receptors mediate the initial surge in
vascular resistance and reflex bradycardia. The �2C receptors
mediate the hypothermia that accompanies administration of �2-
agonists. Neurotransmitter release is modulated primarily by
presynaptic �2A receptors, and spinal analgesia appears to be me-
diated by both �2B and �2C receptors. Subtype selective agonists
are not currently available, but �2A selective agonists with fewer
vascular side effects could potentially be developed.

In contrast to the physiological effects mediated by �2 recep-
tors, activation of �1 receptors produces arousal, excitement, and
increased locomotor activity in animals.74,75 These behaviors are
also observed after administration of excessive doses of less se-
lective �2-agonists and after accidental intracarotid injection.
Excitement and muscle rigidity occur in dogs administered xy-
lazine IM at high doses (4 to 8 mg/kg).76 Similarly, excitement,
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seizures, and muscle rigidity occur in horses after intracarotid in-
jection of xylazine.77 This paradoxical response appears to be
more common after administration of �2-agonists that have some
affinity for �1 receptors (xylazine), but can occur in animals
given toxic doses of more selective agonists.78 Activation of cen-
tral �1 receptors can also antagonize the sedative effects of selec-
tive �2-agonists.79,80 Receptor binding or selectivity ratios
(�2/�1) for xylazine, detomidine, romifidine and medetomidine
are 160:1, 260:1, 340:1, and 1620:1, respectively.81,82

As with acepromazine, the clinical use of �2-agonists is usu-
ally restricted to healthy animals. �2-Agonists can be used alone
or in combination with opioids to provide sedation for diagnos-
tic and minor surgical procedures. �2-Agonists can also be used
in combination with ketamine to provide anesthesia for brief sur-
gical procedures. Perioperatively, �2-agonists are used at lower
doses, alone or in combination with opioids, to produce sedation
and analgesia required for catheter placement, to reduce the
amount of injectable anesthetic (e.g., ketamine, thiopental, or
propofol) required to induce anesthesia, and to reduce the
amount of inhalational anesthetic (e.g., halothane or isoflurane)
required to maintain anesthesia.67 �2-Agonists also potentiate the
effects of other analgesic drugs (opioids and local anesthetics)
and attenuate the stress response associated with surgical trauma.
Postoperatively, low doses of �2-agonists can be used to facilitate
recovery from anesthesia in both small and large animals.

In small animals, the perioperative use of �2-agonists has
been controversial.83,84 Certainly, the initial vasoconstriction
and reflex bradycardia induced by administration of �2-agonists
are problematic. However, at low doses, these cardiovascular ef-
fects are not as pronounced nor as long in duration and are well
tolerated by healthy animals. Preoperatively, anticholinergics
can be administered with �2-agonists to prevent bradycardia.
�2-Agonists also dramatically reduce the amount of thiopental
or propofol required to induce anesthesia, and the amount of
isoflurane required to maintain anesthesia.85–87 Given that all of
these anesthetics have a very narrow therapeutic range and pro-
duce dramatic effects on myocardial function, the reduction in
dose achieved by administering �2-agonists preoperatively sig-
nificantly reduces the adverse cardiovascular effects associated

with administration of most general anesthetics. Isoflurane ad-
ministration also produces marked vasodilation and significant
reductions in arterial pressure at concentrations normally re-
quired to induce and maintain anesthesia.88 In dogs, concurrent
administration of �2-agonists initially increases vascular tone
and attenuates the vasodilation and reduction in arterial pressure
induced by high concentrations of isoflurane.89,90 As a result,
perioperative administration of �2-agonists attenuates the va-
sodilatory effects of isoflurane by enhancing vascular tone. In
sharp contrast, administration of acepromazine exacerbates va-
sodilation and the reduction in arterial pressure induced by
isoflurane (Fig. 9.5).41

Some patients may be refractory to the sedative effects of �2-
agonists. Failure to achieve optimal sedation with �2-agonists is
often due to preexisting stress, fear, excitement, and pain. All of
these conditions increase endogenous catecholamine levels and
can interfere with reductions in excitatory neurotransmitter re-
lease induced by administration of �2-agonists. Sedation is con-
sistently achieved when xylazine or another �2-agonist is given
to calm patients in quiet surroundings with minimal environmen-
tal stimuli. In most species, sedation is even more reliable when
�2-agonists are administered in combination with opioids.

Concerns have been raised about the potential for �2-agonists
to sensitize the myocardium to epinephrine-induced arrhyth-
mias.48 Initial studies reported that high doses of xylazine facili-
tate the development of reentrant ventricular arrhythmias (pre-
mature depolarizations and tachycardia) in dogs anesthetized
with thiopental and halothane—two drugs that dramatically sen-
sitize the myocardium to epinephrine.46,91 Subsequent studies in
dogs anesthetized with halothane or isoflurane and administered
lower doses of xylazine or medetomidine showed that �2-
agonists do not facilitate the development of reentrant ventricu-
lar arrhythmias.47,92–94 Further, the decrease in sympathetic tone
and increase in parasympathetic tone induced by the administra-
tion of selective �2-agonists appear to attenuate the development
of epinephrine-induced arrhythmias in dogs.95

In a 1998 survey of veterinarians in Ontario, an increase in the
incidence of anesthetic complications was associated with the
use of xylazine in small animals.96 Failure to appreciate the dra-
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Table 9.5. Anatomical location, cellular response, and physiological response associated with different �2-receptor subtypes

Receptor 
(G Protein) Anatomical Location Cellular Response Physiological Response

�2A (Gi/o) Cerebral cortex, locus caeruleus, Inhibit AC activity and decrease cAMP Sedation and supraspinal analgesia
and platelets Increase potassium conductance Centrally mediated bradycardia and 

Decrease calcium conductance hypotension
�2B (Gi/o) Spinal cord (dorsal root ganglia) Activate PLC and increase IP3, DAG, Spinal analgesia

and vascular endothelium and cytosolic calcium Vasoconstriction and peripherally 
mediated reflex bradycardia

�2C (Gi/o) Spinal cord (dorsal root ganglia) Spinal analgesia
Hypothermia and modulation of dopa-

minergic activity

AC, adenylate cylase; cAMP, cyclic adenosine monophosphate; DAG, diacylglycerol; IP3, inositol triphosphate; PLC, phospholipase C.



matic reduction in anesthetic requirements produced by preoper-
ative administration of xylazine and subsequent administration of
a relative overdose of injectable or inhalational anesthetic may
have contributed to the increased risk reported in this study.
Given that patient monitoring standards were extremely lax a
decade ago, failure to recognize and treat significant bra-
dyarrhythmias could have been a factor, as well. More recent
studies have found that administration of relatively low doses of
medetomidine alone or in combination with opioids is associated
with occasional bradyarrhythmias (sinus bradycardia and AV
block) and a low incidence of severe anesthetic complications.
Glycopyrrolate administration decreases the incidence and sever-
ity of bradyarrhythmias in healthy older (�5 years old) dogs
given medetomidine and butorphanol IM as preanesthetics, and
only 1 of 88 dogs developed complications severe enough to re-
quire reversal with atipamezole.97 Similarly, no anesthetic deaths
and only 13 protocol modifications were recorded after repeated
sedation of 136 geriatric cats (1862 procedures) and 541 geriatric
dogs (6329 procedures) with medetomidine, butorphanol, and
glycopyrrolate to facilitate radiation therapy.98 Based on the lat-
ter studies, it appears that low doses of �2-agonists can be used
safely in older dogs and cats, provided that cardiopulmonary
function is evaluated carefully before drug administration and
monitored closely afterward.

Xylazine
Although its mechanism of action was unknown at the time of its
introduction into clinical practice, xylazine was the first �2-
agonist to be used by veterinarians. The drug was synthesized in
West Germany in 1962 for use as an antihypertensive in people
but was found to have potent sedative effects in animals. The
chemical name for xylazine is 2(2,6-dimethylphenylamino)-4H-
5,6-dihydro-1,3-thiazine hydrochloride (Fig. 9.6). Initially, the
drug was used as a sedative in cattle and other ruminants in
Europe. In the early 1970s, reports of xylazine’s utility as an anes-
thetic adjunct began appearing in American and European veteri-
nary literature.99–109 These reports documented the effectiveness
of xylazine in eliminating muscular hypertonicity in dogs and cats
given ketamine, and in producing rapid, predictable sedation,
analgesia, and muscle relaxation in horses and cattle after IV ad-
ministration. It was also evident that there was tremendous varia-
tion in the dose of xylazine required to produce equivalent levels
of sedation and analgesia in different species. In 1981, the seda-
tive and analgesic effects of xylazine were definitively linked to
activation of central �2-adrenergic receptors.110,111

Pharmacokinetics The pharmacokinetics of xylazine have been
determined in cattle, horses, and dogs after its IV and IM injec-
tion at doses of 0.2, 0.6, and 1.4 mg/kg, respectively.112 After IV
administration, the elimination half-life is 36, 50, and 30 min in
cattle, horses, and dogs, respectively. After IM administration,
peak plasma concentrations are reached within 15 min, and the
elimination half-life is 58 and 35 min in horses and dogs, respec-
tively. In cattle given xylazine IM (0.35 mg/kg), the drug and its
metabolites are undetectable in tissues after 3 days and in milk
after 12 h.113 Despite the rapid clearance of xylazine from tissues

and milk, the United States Food and Drug Administration has
refused to approve its use in food-producing animals.114 This re-
fusal underscores the failure to address animal-welfare issues as-
sociated with performing surgical procedures in the absence of
appropriate sedation and analgesia, and legitimate human-safety
concerns associated with restraint and handling of unsedated an-
imals. Xylazine is approved for use in ruminants in Canada and
several other countries around the world.

Pharmacodynamics In most species, the onset of sedation and
analgesia is rapid after parenteral administration of xylazine. In
dogs, peak sedation and analgesia develop within 15 min and per-
sist for 1 to 2 h after administration of xylazine (2.2 mg/kg IM).115

In horses, peak sedation and analgesia develop within 5 min, per-
sist for the next 30 min, and then subside over the next 30 min
after administration of xylazine (1.1 mg/kg IV).82,103,108,116 At a
lower dose of xylazine (0.4 mg/kg IV), peak sedation develops
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with 10 min and then subsides over the next 20 min.117 Most
clinical studies show that the sedative and analgesic effects of xy-
lazine are comparable in duration and do not support the “con-
ventional wisdom” that the analgesic effect is significantly
shorter than the sedative effect. Further, xylazine has been re-
ported to be more effective than either opioid agonists (meperi-
dine, methadone, morphine, oxymorphone, or fentanyl), agonist-
antagonists (pentazocine, butorphanol, or levorphanol), or
nonsteroidal anti-inflammatories (flunixin) in relieving somatic
and visceral pain in horses (Fig. 9.7).118,119

Xylazine administration decreases injectable and inhalational
anesthetic requirements dramatically in several species. Intra-
muscular administration of xylazine (2.2 mg/kg) decreases the
dose of thiopental required to induce anesthesia in and cats and

dogs by 80%.120,121 Although this dose of xylazine is relatively
high and not recommended, this study illustrates the striking re-
duction in thiopental requirements that can be achieved when
large doses of �2-agonists are given as preanesthetics. Similarly,
administration of xylazine (0.8 mg/kg IM) decreases the dose of
propofol required to induce anesthesia in dogs by over 50%.86,122

Perioperative administration of xylazine also reduces halothane
and isoflurane requirements in animals. In dogs, administration
of xylazine (1.1 mg/kg IV) decreases the MAC of halothane by
38%, an effect that was reversed by administration of an �2-
antagonist (tolazoline).123 In horses, administration of xylazine
(0.5 mg/kg IV) decreases the MAC of halothane and isoflurane
by 20% and 25%, respectively (Fig. 9.8).124,125 Given the results
of these studies, doses of injectable and inhalational anesthetics
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should be significantly reduced when xylazine is administered
perioperatively to both small and large animals.

Intravenous administration of xylazine induces a brief period
of hypertension and reflex bradycardia, followed by a longer-
lasting decrease in cardiac output and arterial pressure. In most
species, cardiac output decreases by 30% to 50% and arterial
pressure by 20% to 30%.42,103,126,127 The initial hypertensive
phase is caused by activation of peripheral postsynaptic �2 recep-
tors, which produces vascular smooth muscle contraction and
vasoconstriction. In horses, administration of a low dose of xy-
lazine (0.4 mg/kg IV), produces less dramatic changes in arterial
pressure, heart rate, and cardiac output.117 Pretreatment with a
calcium-channel blocker such as nifedipine dampens the initial
increase in arterial pressure in dogs anesthetized with halo-
thane.128 In dogs, xylazine administration is associated with a de-
crease in splenic weight, which suggests a decrease in systemic
vascular capacity.129 Subsequent reductions in arterial pressure
are due to decreases in sympathetic tone resulting from activation
of central and peripheral (presynaptic autoreceptors) �2 recep-
tors. Xylazine administration also decreases heart rate by en-
hancing vagal tone and baroreceptor reflexes.130 In contrast to
the cardiovascular effects observed after IV injection, increases
in arterial pressure and vascular resistance are not as dramatic
after IM administration of xylazine in dogs and horses.109,126 In
calves given xylazine IM, hemodynamic effects are characterized
by a 20% to 30% decrease in heart rate and cardiac output, and a
10% decrease in arterial pressure—without an initial increase in
pressure.131 These results suggest that IM administration of xy-
lazine in calves does not cause transient vasoconstriction and an
increase in arterial pressure to the same degree as it does in dogs
and horses.

When xylazine is administered with ketamine, decreases in
heart rate and cardiac output are partially offset. Ketamine admin-
istration increases heart rate and cardiac output, but arterial pres-
sure, systemic vascular resistance, and myocardial oxygen con-

sumption increase, as well.127,132 Because of these acute cardio-
vascular changes, xylazine-ketamine combinations should be re-
served for use in healthy patients and not be used in patients with
myocardial disease or reduced cardiopulmonary reserve.127,132,133

Sinus bradycardia and AV block are the arrhythmias that are
encountered most commonly after xylazine administration.126,127

Development of these arrhythmias is a normal physiological re-
sponse to the increase in vagal tone induced by xylazine. Several
studies have also assessed the ability of xylazine, administered
alone or in combination with other anesthetic drugs, to sensitize
the myocardium to the development of epinephrine-induced ar-
rhythmias.48 This is usually accomplished by measuring the
amount of epinephrine required to induce premature ventricular
depolarizations, and this amount is called the arrhythmogenic
dose of epinephrine (ADE). In an initial study using a more se-
vere test (the epinephrine fibrillation threshold), premedication
with xylazine decreased the dose of epinephrine required to in-
duce fibrillation in dogs anesthetized with thiamylal and
halothane, whereas premedication with acepromazine had the
opposite effect.46 In a later study, ketamine administration report-
edly decreased the ADE more than did xylazine administration,
and coadministration decreased the ADE more than either drug
alone.134 Studies using a saline-controlled ADE model to reduce
experimental error associated with repeated epinephrine admin-
istration demonstrated no change in the ADE after IM adminis-
tration of xylazine or medetomidine in dogs anesthetized with
halothane or isoflurane.92,93 From these studies, it is clear that, if
anesthetic-induced changes in the ADE (arrhythmogenicity) are
a concern, selection of the inhalational anesthetic (halothane vs.
isoflurane) is far more critical than selection of an �2-agonist as
the preanesthetic.

Although respiratory rate decreases after administration of
clinically recommended doses of xylazine, arterial pH, PO2,
and PCO2 remain virtually unchanged in cats, dogs, and
horses.42,103,117,126,127,135 Decreases in respiration rate are ac-
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companied by increases in tidal volume, which keep alveolar
ventilation and arterial blood-gas values relatively con-
stant.127,136 In horses suffering from recurrent obstructive pul-
monary disease (heaves), xylazine administration decreases pul-
monary resistance, increases dynamic compliance, and may have
some therapeutic value.137 In contrast, when a large dose of xy-
lazine (1.0 mg/kg IV) is administered to healthy dogs, minute
ventilation, physiological dead space, oxygen transport, venous
PO2 and oxygen content, and oxygen consumption decrease, and
tidal volume increases.127 Xylazine administration also increases
airway resistance and resonant frequency in calves.138 Intra-
venous administration of xylazine to horses (0.5 to 1.0 mg/kg)
and sheep (0.02 to 0.05 mg/kg) anesthetized with halothane in-
creases airway pressure and decreases arterial PO2.43,139

Similarly, arterial PO2 decreases after administration of xylazine
(0.05 to 0.3 mg/kg IV) to conscious sheep.140–142 The results of
these studies suggest that the decrease in arterial PO2 is produced
by activation of peripheral �2 receptors and a perfusion-related
imbalance between ventilation and the pulmonary circulation.
Additionally, the dramatic decrease in arterial PO2 observed in
sheep after administration of xylazine may be primarily caused
by a pulmonary inflammatory response that is confined to rumi-
nants with a unique population of intravascular macro-
phages.143,144 Thus, although the bulk of the evidence indicates a
minimal detrimental effect on respiratory function in most do-
mestic animals, caution is advised when administering xylazine
or other �2-agonists to small ruminants, when administering high
singular or cumulative doses to any species, or when combining
�2-agonists with injectable or inhalational anesthetics that pro-
duce significant cardiopulmonary depression.

Alterations in gastrointestinal function after xylazine adminis-
tration have been reported in several species. Excessive salivation
can occur in animals that have not been given anticholinergics. In
dogs, gastroesophageal sphincter pressure decreases, which may
increase the incidence of gastroesophageal reflux.50 Most cats
and 10% to 20% of dogs vomit shortly after IM administration of
xylazine. Emesis may be linked to activation of central �2 re-
ceptors because prior administration of yohimbine—but not
cholinergic, dopaminergic, histaminergic, serotonergic, or opioid
receptor antagonists—prevents emesis.145 Occasionally, acute
gastric distension can occur in large dogs (>25 kg) given xylazine
IV or IM.146 This distension may be caused by aerophagia or by
the parasympatholytic effects of xylazine on the gastrointestinal
tract, leading to atony and accumulation of gas.

Xylazine administration decreases gastrointestinal motility
and prolongs gastrointestinal transit time in several species. In
dogs, it decreases gastrin secretion and gastrointestinal motility,
and prolongs gastrointestinal transit time.147–149 In sheep and
cattle, cyclical contractions of the reticulum and rumen are inhib-
ited by administration of xylazine and other �2-agonists, and ad-
ministration of �2-antagonists (tolazoline or yohimbine) antago-
nizes these gastrointestinal effects.150 In horses, motility of the
cecum and colon are inhibited by administration of xylazine or
xylazine-butorphanol, and normal bowel myoelectrical activity
returns slowly after administration of xylazine-ketamine.151,152

However, intestinal smooth muscle relaxation and analgesia me-

diated by activation of central and peripheral �2 receptors also
play an important role in the relief of visceral pain.153 Indeed,
xylazine is reportedly more effective than either opioids or non-
steroidal anti-inflammatory drugs in relieving visceral pain in
ponies and horses.119,154 In addition to increasing the visceral
pain threshold, xylazine administration effectively sedates and
calms painful horses and helps to prevent self-induced trauma.
As expected, these desirable modifications in behavior are also
accompanied by a decrease in intestinal motility and blood flow.
This decrease in intestinal blood flow is disproportionate to the
total decrease in cardiac output, which suggests that �2 receptors
mediate vasoconstriction within the intestinal vasculature.155

Additionally, administration of an �2-antagonist (yohimbine) at-
tenuates ileus and hypoperfusion associated with endoxemia in
horses, which provides further evidence of the important role of
�2 receptors in the regulation of gastrointestinal function.156

Urine output increases after xylazine administration in cattle,
horses, ponies, and cats.157–160 Urine specific gravity and osmo-
lality also decrease in horses and ponies.158,159 Although urethral
closure pressure decreases in both male and female dogs given
xylazine, normal micturition reflexes are maintained.161 De-
creases in urethral closure pressure are coupled to a reduction in
electromyographic activity of the urethral sphincter, but xylazine
administration does not appear to alter the detrusor reflex in
dogs.162,163

Transient hypoinsulinemia and hyperglycemia have been re-
ported in several species sedated with xylazine or that are anes-
thetized using a regimen that incorporates xylazine.164–169 Hy-
perglycemia results from �2-receptor–mediated inhibition of
insulin release from pancreatic beta cells, and the magnitude and
duration of these actions appear to be dose dependent.167 Other
hormonal changes induced by xylazine include transient alter-
ations in growth hormone, testosterone, prolactin, antidiuretic
hormone, and follicle-stimulating hormone levels.

Myometrial tone and intrauterine pressure increase after xy-
lazine administration in cattle.170 In pregnant sheep, myometrial
activity doubled for 1 h after xylazine administration, whereas
fetal diaphragmatic activity is reduced.171 In horses, administra-
tion of equipotent doses of xylazine, detomidine, or romifidine
produces comparable increases in intrauterine pressure.172

Clinically, �2-agonists have been administered during all stages
of pregnancy in several domestic species but have not been defin-
itively associated with an increased incidence of reproductive
complications.63 �2-Agonists also reduce cardiac output and
could impair fetal oxygen delivery. Although administration of
xylazine and other �2-agonists has not been linked definitively to
abortion and premature labor, the indiscriminate use of these
drugs in pregnant animals during the last trimester is not advised.

Xylazine administration causes mydriasis, which may be due
to either central inhibition of parasympathetic input to the iris, di-
rect activation of �2 receptors located in the iris, or both.173,174

Xylazine administration also lowers intraocular pressure in rab-
bits, cats, and monkeys by reducing sympathetic tone and de-
creasing aqueous flow.175 More importantly, administration of
xylazine to dogs and cats can cause vomiting, which increases in-
traocular pressure dramatically.

Anticholinergics and Sedatives ● 215



Xylazine can also be administered epidurally to horses and
cattle. In addition to an analgesic effect mediated by activation of
spinal �2 receptors (heteroceptors), xylazine has a significant
membrane-stabilizing or local anesthetic effect when applied to
neurons or nerve fibers. This effect is characterized by a reduc-
tion in conduction velocity and blockade of action potentials.176

Iontophoretic application of xylazine to rat cortical neurons sup-
presses spontaneous firing rates, and this effect is not blocked by
an �2-antagonist.177 The results of these studies suggest that the
action of locally applied xylazine is caused in part by a local
anesthetic effect.

In horses, xylazine can be administered epidurally alone or in
combination with a local anesthetic. When comparing xylazine
and lidocaine at equal doses and volumes in ponies, xylazine in-
duces more profound and longer-lasting analgesia after epidural
administration.178 Analgesia induced by epidural administration
of xylazine does not cause the same degree of motor nerve paral-
ysis as that caused by administration of local anesthetics.179 In
horses, the duration of epidural analgesia can be significantly
prolonged by coadministration of lidocaine and xylazine, and is
not associated with enhanced neurotoxicity or dramatic changes
in cardiopulmonary function.180

In cattle, epidural administration of xylazine produces longer-
lasting analgesia than does epidurally administered lidocaine or
IM administered xylazine.181 Cardiopulmonary and GI effects of
epidural administration of xylazine (0.05 mg/kg) include de-
creases in heart rate, respiratory rate, and rumen motility.182

Intravenous administration of tolazoline (0.3 mg/kg) rapidly an-
tagonizes these effects but does not alter sedative and regional
analgesic effects.182 In sheep, intrathecal administration of xy-
lazine or clonidine produces dose-dependent analgesia of the
forelimbs, and analgesia is abolished by intrathecal administra-
tion of an �2-antagonist (idazoxan).183 These results indicate that
xylazine produces part of its analgesic effect through activation
of spinal �2 receptors. This mechanism of analgesic action is fur-
ther substantiated by the prolongation of analgesia observed after
coadministration of morphine and a selective �2-agonist
(medetomidine) epidurally.184

Clinical Uses The clinical uses of xylazine are usually restricted
to healthy animals. There is considerable variation among species
in the dose of xylazine required to produce an equivalent sedative
effect (Table 9.6). Generally, the lowest dose that will provide the
required degree of sedation is administered to limit cardiovascu-
lar side effects. Xylazine is currently approved for use as a seda-
tive in cats, dogs, horses, deer, and elk in the United States, and
for cats, dogs, horses, and cattle in Canada. Xylazine—especially
the 10% (100 mg/mL) solution—should be handled carefully to
avoid accidental self-administration. If the drug is absorbed
through mucous membranes or administered IM, profound seda-
tion and bradycardia can occur. Medical treatment should be
sought immediately, and the package insert should be given to the
attending physician.

In dogs and cats, xylazine is used alone or in combination with
opioids to provide sedation and analgesia for diagnostic and
minor surgical procedures. The drug is also used in combination

with ketamine, ketamine-diazepam, or tiletamine-zolazepam to
provide anesthesia for brief surgical procedures. As a preanes-
thetic, xylazine is used alone or in combination with opioids to
facilitate placement of IV catheters and to decrease requirements
for injectable and inhalational anesthetics. Anticholinergics (at-
ropine and glycopyrrolate) can be administered with xylazine to
prevent development of severe bradyarrhythmias perioperatively.
Small doses of xylazine (0.1 mg/kg) can be administered postop-
eratively to smooth recovery and to potentiate the effects of other
analgesic drugs (opioids), provided that patients are hemody-
namically stable. Xylazine can be given IV or IM, but the IM
route is preferred because cardiovascular side effects are re-
duced. Intramuscular doses for healthy dogs and cats range from
0.5 to 1.0 mg/kg.

In horses and cattle, xylazine is used alone or in combination
with butorphanol to provide sedation and analgesia for diag-
nostic and surgical procedures. Xylazine can also be used as a 
preanesthetic before induction of anesthesia with ketamine,
ketamine-diazepam, ketamine-guaifenesin, or thiopental-
guaifenesin. In horses anesthetized with halothane, isoflurane, or
sevoflurane, small doses of xylazine (0.1 to 0.2 mg/kg) can be
given IV during the maintenance and recovery phases to reduce
anesthetic requirements and smooth recovery, respectively.
Xylazine can be also be used in combination with ketamine and
guaifenesin for total IV anesthesia. After induction of anesthesia
with xylazine and ketamine, anesthesia can be maintained with a
combination of xylazine, ketamine, and guaifenesin (“triple
drip”) for approximately 1 h.

As a general rule, cattle usually require one-tenth of the dose of
xylazine that horses require to produce an equivalent level of se-
dation. For sedation and analgesia alone or in combination with
butorphanol, IV doses for horses range from 0.2 to 0.8 mg/kg, and
those for cattle range from 0.02 to 0.08 mg/kg. As a preanesthetic
before induction with an injectable anesthetic and maintenance
with an inhalational anesthetic, IV doses for horses range from
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Table 9.6. Xylazine doses for several domesticated species

Species Dose

Cats 0.25–0.5 mg/kg IV
0.5–1.0 mg/kg IM

Dogs 0.25–0.5 mg/kg IV
0.5–1.0 mg/kg IM

Horses 0.5–1.0 mg/kg IV
1.0–2.0 mg/kg IM

Cattle 0.05–0.1 mg/kg IV
0.1–0.2 mg/kg IM

Sheep 0.05–0.1 mg/kg IV
0.1–0.2 mg/kg IM

Goats 0.05–0.1 mg/kg IV
0.1–0.2 mg/kg IM

Llama 0.1–0.2 mg/kg IV
0.2–0.4 mg/kg IM

IM, intramuscularly; IV, intravenously.



0.4 to 0.8 mg/kg, and those for cattle range from 0.04 to 0.08
mg/kg. As a preanesthetic before induction of anesthesia with ke-
tamine or ketamine-diazepam, an IV dose of 1.0 mg/kg is typi-
cally administered to horses and a dose of 0.1 mg/kg is given to
cattle. Xylazine can be administered to healthy foals and calves
over 1 month of age but is not usually given to neonates. Doses of
xylazine should be decreased in very large animals (draft horses
and bulls) and in breeds with increased sensitivity to the drug
(Brahman and Brahman crosses).63 Xylazine doses should also be
decreased in sick or debilitated animals but may need to be in-
creased in excited animals. In horses or cattle that are fractious
and difficult to restrain, xylazine can be administered IM at a dose
of 1.0 to 2.0 mg/kg or 0.1 to 0.2 mg/kg, respectively.

Sudden death has been reported in horses after xylazine ad-
ministration.77 Excitement, violent seizures, and collapse can
occur after accidental intracarotid injection or after IV adminis-
tration of an overdose. Seizure activity that occurs immediately
after intracarotid administration of xylazine is probably mediated
by the activation of central �1 receptors.74,75 After intracarotid
injection, pharmacodynamic effects extend beyond the “window
of sedation” typically achieved when recommended doses of xy-
lazine are administered IV or IM. Seizures caused by accidental
intracarotid injection of xylazine can usually be controlled by IV
administration of thiopental or thiopental-guaifenesin to effect.
Once seizures are controlled, the horse should be intubated and
supplemental oxygen administered.63

Medetomidine
This is the most widely used �2-agonist in small animals. The
chemical name for the drug is (±)-4-(1-[2,3-dimethylphenyl]ethyl)-
1H-imidazole monohydrochloride (Fig. 9.6). It is more potent
than xylazine and is dosed on a microgram-per-kilogram basis
rather than a milligram-per-kilogram basis. In North America,
medetomidine is approved for use in dogs as a sedative-

analgesic. Studies on the sedative, analgesic, and cardiopulmonary
effects of medetomidine in cats have also been reported.185–187

Pharmacokinetics Medetomidine is a highly selective �2-agonist
that is supplied as a racemic mixture of two optical enantiomers.
Dexmedetomidine is the active enantiomer, and levomedetomidine
has no apparent pharmacological activity.188–192 Shortly after
medetomidine was approved for use in dogs as a sedative-
analgesic in North America, dexmedetomidine was approved for
use in people as a postoperative sedative in the United States. As
expected, dexmedetomidine is approximately twice as potent as
the racemic mixture that is available for use in animals. In dogs
and cats, medetomidine has a rapid onset of action and can be ad-
ministered IV or IM. After IM administration, the drug is rapidly
absorbed, and peak plasma concentrations are reached within 30
min. The elimination half-life of medetomidine (80 µg/kg) after IV
and IM administration in dogs and after IM administration in cats
is 0.97, 1.28, and 1.35 h, respectively.193 At this dose, the apparent
volume of distribution after IV and IM administration in dogs and
after IM administration in cats is 2.8, 3.0, and 3.5 L/kg, respec-
tively.193 Therapeutic effects of medetomidine are terminated by
removal from target tissues, which parallels clearance of the drug
from plasma. Elimination occurs mainly by biotransformation in
the liver, and inactive metabolites are excreted in the urine.

Pharmacodynamics Onset of sedation, analgesia, and muscle
relaxation is rapid after IM administration of medetomidine to
dogs and cats, and the intensity and duration of these effects de-
pend on dose. When medetomidine is given IM to dogs at a dose
of 30 µg/kg, significant sedation is apparent within 5 min and
persists for 1 to 2 h.115 Similarly, when medetomidine is given to
cats at a dose of 50 µg/kg, significant sedation is apparent within
15 min and persists for 1 to 2 h.186 At these doses, analgesia
peaks within 30 min and persists for 1 to 2 h (Fig. 9.9).115,186 In
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dogs, sedation induced by IM administration of medetomidine at
a dose of 30 µg/kg is comparable in intensity to that induced by
IM administration of xylazine at a dose of 2.2 mg/kg but lasts
longer.115 Medetomidine has also been used as a sedative-
analgesic and as a preanesthetic in horses, but, even at low doses
(5 to 10 µg/kg IV), ataxia is a significant problem.117,194,195

Sedation following IV administration of a 10-µg/kg dose of
medetomidine in horses is comparable to that induced by a 1-
mg/kg IV dose of xylazine.194

Medetomidine administration decreases injectable and inhala-
tional anesthetic requirements dramatically in several species.
Premedication with medetomidine decreases induction doses of
thiopental and propofol by over 50% in dogs. Administration of
medetomidine IM at doses of 10, 20, and 40 µg/kg decreases the
amount of thiopental required for intubation to 7.0, 4.5, and 2.4
mg/kg, respectively.85,196 Similarly, administration of medetomi-
dine IM at a dose of 20 µg/kg decreases the amount of propofol
required for intubation to 1.8 mg/kg.122 Administration of
medetomidine IM also appears to reduce the dose of ketamine re-
quired to induce anesthesia in dogs and cats.197–199 Premedication
with medetomidine also reduces halothane and isoflurane require-
ments. Administration of medetomidine IV at a dose of 10 µg/kg
is reported to decrease the MAC of halothane by 90%.200 In con-
trast, administration of medetomidine IV at a dose of 30 µg/kg de-
creased the MAC of isoflurane by only 47%.87 Additionally, ad-
ministration of medetomidine IM at a dose of 8 µg/kg consistently
reduced the bispectral index value (an index of anesthetic depth)
in dogs anesthetized with isoflurane (1.0, 1.5, and 2.0 MAC).201

As with other �2-agonists, medetomidine administration pro-
duces dose-dependent changes in cardiovascular function.202

Cardiovascular effects are best described in two phases: an initial
peripheral phase characterized by vasoconstriction, increased
blood pressure, and reflex bradycardia; and a subsequent central
phase characterized by decreased sympathetic tone, heart rate,
and blood pressure. Occasionally, AV blockade occurs secondary
to the initial increase in blood pressure, and reflex (barorecep-
tors) increase in vagal tone. In conscious dogs, mean arterial
pressure increases transiently, and heart rate and cardiac index
decrease by approximately 60% after IV administration of
medetomidine at doses ranging from 5 to 20 µg/kg.202 At these
doses, changes in mean arterial pressure, central venous pressure,
and vascular resistance are dose dependent, whereas changes in
heart rate and cardiac index are not. In conscious cats, mean ar-
terial pressure does not appear to change, and heart rate and car-
diac index decrease by approximately 50% after IM administra-
tion of medetomidine at a dose of 20 µg/kg (Fig. 9.10).187 In
conscious horses, IV administration of a low dose of medetomi-
dine (4 µg/kg) produces less dramatic changes in arterial pres-
sure, heart rate, and cardiac output.117 In cats anesthetized with
isoflurane (2%), mean arterial pressure increases from 77 to 122
mm Hg, heart rate decreases from 150 to 125 beats/min, and
mean arterial flow decreases from 578 to 325 mL/min, 20 min
after the IM administration of medetomidine at a dose of 10
µg/kg.203 As with xylazine, cardiovascular responses to medeto-
midine administration appear to be attenuated in animals anes-
thetized with isoflurane.89,90 Cerebral vasodilation is attenuated

by the IV administration of low doses of dexmedetomidine (0.5,
1.0, and 2.0 µg/kg) in dogs anesthetized with isoflurane or sevoflu-
rane (0.5, 1.0, and 1.5 MAC).204 In dogs anesthetized with isoflu-
rane for ovariohysterectomy, heart rate is lower but blood pressure
better maintained with medetomidine premedication (20 µg/kg
IM) when compared with acepromazine premedication (0.05
mg/kg IM) (Fig. 9.11).205 In conscious animals, the decrease in
cardiac output is caused primarily by the decrease in heart rate and
increase in vascular resistance, and not by a direct depression of
myocardial contractility.206,207 Peripheral cardiovascular effects
are most pronounced when �2-agonists are administered IV at high
doses, and these effects can be reduced by administering �2-
agonists IM at low doses.126,208 Although cardiac output decreases
after medetomidine or dexmedetomidine administration, blood
flow to the heart, brain, and kidneys is maintained by redistribution
of flow from less vital organs and tissues.209

Medetomidine administration has little effect on pulmonary
function. Respiratory rate and minute ventilation decrease after
medetomidine administration, but this decrease in minute venti-
lation appears to coincide with a decrease in carbon dioxide pro-
duction, and arterial blood-gas values do not change. In con-
scious dogs, IV administration of medetomidine (5 to 10 µg/kg)
decreases the neurorespiratory response (ventilatory drive) to in-
creases in inspired carbon dioxide.210 In another study in con-
scious dogs and cats, IM administration of medetomidine at
doses of 40 and 20 µg/kg, respectively, does not alter arterial pH,
PCO2, and PO2.187,211 Similarly, IV administration of medetomi-
dine (4 µg/kg) does not alter arterial pH, PCO2, and PO2 in con-
scious horses.117 The IV administration of medetomidine (20
µg/kg) or dexmedetomidine (3 µg/kg) does not alter arterial
blood-gas values and produces less depression of ventilatory
drive than does isoflurane (1 MAC) in dogs.212,213 Parenteral ad-
ministration of a low dose of dexmedetomidine (0.5 µg/kg) also
appears to protect against bronchoconstriction induced by nebu-
lization of histamine in dogs anesthetized with thiopental.214

Medetomidine administration has significant effects on gas-
trointestinal function in animals. Vomiting occurs in 10% of dogs
and over 50% of cats administered medetomidine IM at mean
doses of 40 and 80 µg/kg, respectively.185 Normally, this is not a
problem and can be advantageous if owners or hospital staff fail
to withhold food from patients before induction of anesthesia.
However, the potential for development of aspiration pneumonia
exists if a properly inflated, cuffed endotracheal tube is not in
place. Vomiting also dramatically increases intraocular pressure,
which is a potential problem for some patients with ocular injury
or disease. Medetomidine administration decreases gastrin re-
lease and intestinal and colonic motility in dogs.149,215 These ef-
fects are mediated by activation of visceral �2 receptors and in-
hibition of acetylcholine release.

Medetomidine administration has significant effects on renal
and urogenital function in animals. In dogs, administration of
medetomidine (10 to 20 µg/kg IV) decreases urine specific grav-
ity and increases urine production for approximately 4 h.216

Apparently, �2-agonists interfere with the action of antidiuretic
hormone on the renal tubules and collecting ducts, which in-
creases the production of dilute urine.217,218 Activation of �1 re-
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ceptors increases myometrial contractility, and activation of �2
receptors has limited effects on uterine tone in most species. In
dogs, IV administration of medetomidine at a dose of 20 µg/kg
decreases electrical activity of the myometrium, and a dose of 
40 µg/kg increases electrical activity in dogs during the last
trimester of pregnancy.219 Medetomidine administration also
produces significant cardiovascular effects, and use of the drug in
animals during the last trimester of pregnancy should be avoided.

Medetomidine administration has dramatic effects on en-
docrine function in animals. In dogs, IM administration of mede-
tomidine (10 to 80 µg/kg) decreases plasma norepinephrine, epi-
nephrine, and nonesterified fatty acid concentrations for up to 4
h, whereas cortisol and glucagon concentrations do not change.76

Preoperative administration of �2-agonists also attenuates the
stress response associated with surgical trauma. In dogs undergo-
ing ovariohysterectomy, preoperative administration of medeto-
midine reduces catecholamine and cortisol concentrations post-

operatively.220,221 Similarly, preoperative administration of
medetomidine (20 µg/kg IM) attenuates perioperative increases
in norepinephrine, epinephrine, and cortisol concentrations to a
greater degree than does acepromazine (Fig. 9.12).205 Admini-
stration of xylazine or medetomidine activates �2 receptors on
pancreatic beta cells and inhibits release of insulin for approxi-
mately 2 h.76,168,222 Although both drugs produce a comparable
inhibition of insulin release, medetomidine produces a less dra-
matic change in plasma glucose concentrations.76,222 This differ-
ence may be due to a difference in selectivity for the �2 receptor
compared with the �1 receptor. Xylazine, a less selective agonist,
appears to increase plasma glucose concentrations directly by ac-
tivating �1 receptors and stimulating hepatic glucose production.
Changes in catecholamine, nonesterified fatty acids, insulin, and
glucose concentrations induced by administration of �2-agonists
(xylazine or medetomidine) are reversed by administration of 
�2-antagonists (yohimbine or atipamezole).223
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Medetomidine administration has significant effects on pupil-
lary diameter and intraocular pressure. Topical administration of
medetomidine readily induces mydriasis and decreases intraocu-
lar pressure in rabbits and cats.224,225 In contrast, the IV admin-
istration of medetomidine to dogs reportedly induces miosis and
does not alter intraocular pressure.226 Administration of medeto-
midine to dogs and cats can cause vomiting, which increases in-
traocular pressure dramatically.

Medetomidine administration also has significant effects on
cerebral blood flow, intracranial pressure, and thermoregulation.
In one study performed in spontaneously breathing dogs anes-
thetized with isoflurane (0.5 and 1.5 MAC), the administration of
dexmedetomidine (10 µg/kg IV) decreased cerebral blood flow
but did not alter cerebral metabolic rate.227 In another study in
mechanically ventilated dogs anesthetized with isoflurane (1.0
MAC), the administration of medetomidine (30 µg/kg IV) in-
creased cerebral perfusion pressure but did not change intracra-
nial pressure.90 Again, administration of medetomidine to dogs
and cats can cause vomiting, which increases intracranial pres-
sure dramatically. Decreases in body temperature are attributed
to depression of the thermoregulatory center, muscle relaxation,
and reduced shivering. In conscious dogs, only slight reductions

in body temperature (1°C over 1 h) are observed after IV admin-
istration of medetomidine at doses ranging from 1 to 20 µg/kg.202

Clinical Uses As an adjunct to general anesthetics, medetomi-
dine has a favorable pharmacodynamic profile in dogs and cats.
In addition to providing sedation, analgesia, and muscle relax-
ation, the preoperative administration of medetomidine substan-
tially reduces the amount of injectable and inhalational anes-
thetic required to induce and maintain anesthesia. Medetomidine
administration also attenuates the stress response to surgical
trauma by reducing catecholamine and cortisol levels postopera-
tively.220,221 The initial increase in vascular resistance and blood
pressure and subsequent bradycardia are potential problems, but
these side effects are well tolerated by healthy dogs and cats.
Vomiting is also a potential problem for some patients. As a gen-
eral rule, medetomidine should not be administered to pediatric
or geriatric animals, or to animals with significant neurological,
cardiovascular, respiratory, hepatic, or renal disease. Once pre-
anesthetic and anesthetic drugs are administered, patients should
be monitored carefully throughout the perioperative period, with
special attention being paid to heart rate and rhythm.

�2-Agonists and acepromazine are the only reliable sedatives
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currently available for use in dogs and cats. Acepromazine is rou-
tinely used preoperatively to provide sedation for catheter place-
ment and induction of anesthesia, and is often given in combina-
tion with opioids to provide both sedation and analgesia.
However, acepromazine is not suitable for every patient (e.g.,

brachycephalics, epileptics, and boxers) and can cause signifi-
cant hypotension in animals anesthetized with isoflurane.41

Medetomidine can be administered preoperatively at low doses
to healthy dogs and cats, alone or in combination with opioids
(Table 9.7).67 Compared with acepromazine, low doses of 
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Fig. 9.12. Effects of preoperative intramuscular adminis-
tration of medetomidine (20 µg/kg) or acepromazine (0.05
mg/kg) on norepinephrine, epinephrine, cortisol, and ß-
endorphin concentrations in dogs undergoing ovariohys-
terectomy. Arr, arrival; Ind, induction; OV2, removal of sec-
ond ovary; End, end of surgery; and 1h, 3h, 6h, and 24h
mean 1 h, 3 h, 6 h, and 24 h after surgery. With permission
from Vaisanen et al.205



medetomidine produce better analgesia for catheter placement
and greater reductions in anesthetic requirements, and are less
likely to cause hypotension in animals anesthetized with isoflu-
rane. In patients with good cardiopulmonary reserve, the concur-
rent administration of an anticholinergic agent will prevent brad-
yarrhythmias while slightly improving cardiac output at the
expense of a rather large increase in myocardial work and oxy-
gen consumption. Thus, the use of an anticholinergic preopera-
tively with �2-agonists to prevent bradycardia and AV blockade
continues to be somewhat controversial.208,211,228,229 The use of
an anticholinergic has been recommended for the following rea-
sons: Firstly, even at low preanesthetic doses, significant brady-
cardia can occur if an anticholinergic is not administered concur-
rently. Secondly, the potential for severe vagotonic responses and
profound bradycardia, secondary to surgical manipulation and
administration of other anesthetic drugs (opioids), is higher dur-
ing the perioperative period. Thirdly, while the concurrent ad-
ministration of anticholinergics with high doses of medetomidine
can cause dramatic increases in vascular resistance and myocar-
dial work, these increases can be minimized and are generally
well tolerated by healthy patients given low doses of medetomi-
dine prior to inhalant (vasodilatory) anesthesia.

Bradycardia and AV blockade are more consistently prevented
when anticholinergics are given 10 to 20 min before medetomi-

dine administration, although this is not always practical.97,211,230

Atropine has a more rapid onset of action than does glycopyrro-
late and can be given at the same time as low doses of medetomi-
dine (5 to 20 µg/kg). However, anticholinergic administration in-
creases vagal tone transiently, which can increase the incidence of
bradyarrhythmias induced by administration of any �2-agonist.
For example, if atropine or glycopyrrolate is administered at the
same time as, or after, high doses of medetomidine (30 to 60
µg/kg), bradycardia and AV blockade are not consistently pre-
vented and ventricular arrhythmias may develop.228 Therefore,
when high doses of medetomidine are administered, the use of an-
ticholinergics should be avoided, heart rate and rhythm should be
monitored closely, and atipamezole should be administered to
correct severe bradyarrhythmias. Concurrent administration of
anticholinergics with �2-agonist–ketamine combinations should
also be avoided, because a prolonged high heart rate can occur.231

Very low doses of medetomidine have been given postopera-
tively to dogs and cats, alone or in combination with opioids
(Table 9.8).67 Administration of selective �2-agonists in very low
doses may enhance and prolong the analgesic effects of opioids,
with limited effects on cardiovascular function. Lower doses of
opioids may also be used, which reduces the frequency of post-
operative respiratory depression. �2-Agonists also can be used
to manage anxiety and dysphoria postoperatively. Because the

duration of action of medetomidine is significantly less than that
of acepromazine, sedation can be more readily controlled.

Detomidine
This agent is used primarily for sedation and analgesia in horses.
The chemical name for the drug is 1H-imidazole, 4-([2,3-
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Table 9.7. Medetomidine doses for preoperative sedation and
analgesia in healthy dogs and cats

Drugs Canine Dosesa Feline Dosesb

Medetomidine 10–20 µg/kg IM 20–40 µg/kg IM

with or without

Atropine 0.04 mg/kg IM 0.04 mg/kg IM
Medetomidine 5–10 µg/kg IM 10–20 µg/kg IM
Butorphanol 0.2–0.4 mg/kg IM 0.2–0.4 mg/kg IM

with or without

Atropine 0.04 mg/kg IM 0.04 mg/kg IM
Medetomidine 5–10 µg/kg IM 10–20 µg/kg IM
Morphine 0.2–0.4 mg/kg IM 0.2–0.4 mg/kg IM

with or without

Atropine 0.04 mg/kg IM 0.04 mg/kg IM
Medetomidine 5–10 µg/kg IM 10–20 µg/kg IM
Hydromorphone 0.04–0.08 mg/kg IM 0.04–0.08 mg/kg IM

with or without

Atropine 0.05 mg/kg IM 0.04 mg/kg IM
Medetomidine 5–10 µg/kg IM 10–20 µg/kg IM
Oxymorphone 0.04–0.08 mg/kg IM 0.04–0.08 mg/kg IM

IM, intramuscularly.
aMedetomidine should not be given to dogs with significant neurological,
cardiac, respiratory, hepatic, or renal disease. Some of these drugs are not
approved for use in dogs in Canada or the United States.
bMedetomidine should not be given to cats with significant neurological,
cardiac, respiratory, hepatic, or renal disease. Some of these drugs are not
approved for use in cats in Canada or the United States.

Table 9.8. Medetomidine and opioid doses for postoperative
sedation and analgesia in healthy dogs and cats

Drugs Canine Dosesa Feline Dosesb

Medetomidine 2–4 µg/kg IM 4–8 µg/kg IM

Medetomidine 1–2 µg/kg IM 2–4 µg/kg IM
Butorphanol 0.1–0.2 mg/kg IM 0.1–0.2 mg/kg IM

Medetomidine 1–2 µg/kg IM 2–4 µg/kg IM
Morphine 0.1–0.2 mg/kg IM 0.1–0.2 mg/kg IM

Medetomidine 1–2 µg/kg IM 2–4 µg/kg IM
Hydromorphone 0.02–0.04 mg/kg IM 0.02–0.04 mg/kg IM

Medetomidine 1–2 µg/kg IM 2–4 µg/kg IM
Oxymorphone 0.02–0.04 mg/kg IM 0.02–0.04 mg/kg IM

IM, intramuscularly.
aMedetomidine should not be given to dogs with significant neurological,
cardiac, respiratory, hepatic, or renal disease. Some of these drugs are not
approved for use in dogs in Canada or the United States.
bMedetomidine should not be given to cats with significant neurological,
cardiac, respiratory, hepatic, or renal disease. Some of these drugs are not
approved for use in cats in Canada or the United States.



dimethylphenyl]methyl)-hydrochloride (Fig. 9.6). Detomidine is
more potent than xylazine and is dosed on a microgram-
per-kilogram basis rather than a milligram-per-kilogram basis.
The drug produces sedation, analgesia, and muscle relaxation
that are comparable to those produced by xylazine in intensity
but last longer. In North America and Europe, the drug is sold as
detomidine hydrochloride and is approved for use in horses as a
sedative-analgesic.

Pharmacokinetics Pharmacokinetic parameters have been de-
termined in calves and horses after IV administration of detomi-
dine at a dose of 50 µg/kg.232 In calves, the drug is 86% protein
bound, and the elimination half-life, clearance, and volume of
distribution are 20.0 h, 24.9 mL/min · kg, and 29.4 L/kg, respec-
tively. In horses, the drug is 84% protein bound, and the elimina-
tion half-life, clearance, and volume of distribution are 9.7 h, 8.1
mL/min · kg, and 6.8 L/kg, respectively. In calves, detomidine is
eliminated primarily by metabolism, and most of the metabolites
are excreted in the urine. Tissue liver residues are less than 1
µg/kg at 80 h.

Pharmacodynamics Onset of sedation, analgesia, and muscle
relaxation is rapid after IV or IM administration of detomidine.
When detomidine is administered IV to horses at a dose of 20
µg/kg, peak sedation and analgesia are achieved within 15 min
and persist for approximately 1 h.116,233 When the same dose is
administered IM, depth of sedation and intensity of analgesia are
reduced, and peak effects are achieved within 30 min and persist
for approximately 1 h.233 Sedative and analgesic effects are com-
parable in duration when electrical stimulation is used to evalu-
ate somatic analgesia. Administration of detomidine at a dose of
20 µg/kg induces sedation and analgesia comparable in intensity
to, but longer than, those induced by administration of xylazine
at a dose of 1.1 mg/kg.116,233 At these doses, detomidine and xy-
lazine also induce comparable levels of muscle relaxation and
ataxia.116 In a colic model (ponies with cecal balloons), IV ad-
ministration of detomidine at a dose of 20 µg/kg provides anal-
gesia for 45 min, whereas IV administration of xylazine at a dose
of 1.1 mg/kg provides analgesia for approximately 20 min.234

Sedation lasted longer than analgesia when a cecal balloon was
used to evaluate visceral analgesia. In a 2003 placebo-controlled
study using electrical stimulation to evaluate somatic analgesia,
IV administration of detomidine at a dose of 20 µg/kg provided
analgesia for approximately 30 min, whereas administration of
xylazine at a dose of 1.1 mg/kg provided analgesia for approxi-
mately 15 min (Fig. 9.13).82 Detomidine administration also re-
duces catecholamine and cortisol concentrations in horses.235

Detomidine administration produces dose-dependent changes
in cardiovascular function. In conscious ponies, arterial pressure
increases and heart rate decreases by over 50% immediately (1
min) after IV administration of detomidine at doses ranging
from 10 to 60 µg/kg.236 In conscious horses, heart rate decreases
by 30% to 35% and cardiac output decreases by 40% to 45%
after IV administration at doses of 10 to 20 µg/kg.237 At these
doses, 30% of horses develop AV block within 5 min, heart rate
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and cardiac output are reduced for 45 min to 1 h, and mean ar-
terial pressure is reduced for 90 min to 2 h. After IM administra-
tion of detomidine at a dose of 40 µg/kg, heart rate and cardiac
output decrease by 27% and 39%, respectively.237 Intravenous
infusion of detomidine at a constant rate produces decreases in
heart rate and cardiac output that are comparable to bolus ad-
ministration, but mean arterial pressure remains elevated for the
duration of the infusion.238 Hematocrit and total protein de-
crease after parenteral administration of detomidine.237,238

These changes are probably produced by fluid shifts and seques-
tration of erythrocytes in the spleen that occur as sympathetic
tone decreases.

Detomidine administration has little effect on pulmonary func-
tion. Respiratory rate decreases after detomidine administration,
but the apparent decrease in minute ventilation appears to coin-
cide with a decrease in carbon dioxide production, and arterial
blood-gas values do not change appreciably. In horses adminis-
tered detomidine IV at doses of 10 to 20 µg/kg, respiratory rate
decreases by approximately 50% for 2 h after drug administra-
tion.237 At these doses, arterial pH and PCO2 do not change, and
PO2 decreases transiently but returns to normal values within 15
to 30 min. The decrease in arterial PO2 coincides with the dra-
matic drop in heart rate and cardiac output that occurs immedi-
ately after administration of detomidine. Intravenous infusion of
detomidine at a constant rate alters respiratory rate and arterial
blood-gas values that are comparable to bolus administration.238

Detomidine administration has significant effects on esoph-
ageal transit time and gastrointestinal motility. In horses, IV ad-
ministration of detomidine (10 to 20 µg/kg) produces dose-
dependent increases in esophageal transit time and retrograde
peristalsis, and a decrease in duodenal motility.239,240 Detomi-
dine administration also reduces cecal and colonic motility in
ponies.153 Detomidine is a very effective visceral analgesic, and
its use in horses with colic should not be abandoned because of
unwarranted concerns about gastrointestinal side effects. After
all, increases in sympathetic tone associated with uncontrolled
abdominal pain also reduce gastrointestinal motility.

Detomidine produces sedation and analgesia in horses when
administered epidurally at the first intercoccygeal space. Its ad-
ministration at doses of 30 to 60 µg/kg diluted in 10 mL of ster-
ile water produces perineal analgesia with variable bilateral anal-
gesia up to the 14th thoracic dermatome.241,242 Analgesia begins
in 10 to 15 min and lasts for 2 to 3 h. Doses under 30 µg/kg do
not produce reliable analgesia, and those over 60 µg/kg may
cause recumbency. The drug is lipophilic and is rapidly absorbed
into the systemic circulation from the epidural space. Systemic
effects include marked sedation and ataxia, a decrease in heart
rate and 2° AV blockade, an increase followed by a decrease in
mean arterial pressure, decreases in respiratory rate and arterial
PO2, and diuresis.241,242 Caudal epidural administration of xy-
lazine (0.25 mg/kg) produces longer-lasting perineal analgesia
with fewer systemic side effects than does caudal epidural ad-
ministration of detomidine.243 Detomidine has also been admin-
istered epidurally in combination with morphine to horses with
experimentally induced hind-limb lameness and to horses under-
going bilateral stifle arthroscopy.244–246

Clinical Uses Detomidine administration produces reliable se-
dation, analgesia, and muscle relaxation in horses. The drug is
used alone and in combination with butorphanol to produce
standing sedation for diagnostic and surgical procedures, and as
an analgesic for horses with abdominal pain. Detomidine is usu-
ally given IV at doses ranging from 5 to 20 µg/kg, but it can be
given IM at doses ranging from 10 to 40 µg/kg. Sedation is more
reliable and horses are less responsive to external stimuli when
detomidine is given with butorphanol or another opioid.247 As
with other �2-agonists, excited or fractious animals may require
higher doses of detomidine. Ataxia can be a problem in healthy
horses, and the drug should be used with discretion in animals
with neurological disease. Detomidine administration also pro-
duces marked cardiovascular side effects, and it should be used
with caution in horses with significant cardiovascular disease and
in those with endotoxic or traumatic shock.

Romifidine
This selective �2-agonist derived from clonidine is used pri-
marily to produce sedation and analgesia in horses. The chemical
name for the drug is 2-([2-bromo-6-flourophenyl]imino)-
imidazolidine hydrochloride. Romifidine administration pro-
duces sedation and analgesia that are comparable in duration to
those produced by detomidine administration.82,116 Muscle re-
laxation is comparable but with less ataxia than seen with equiv-
alent sedative doses of xylazine or detomidine.116 Romifidine is
approved or licensed for use in horses in North America and
Europe. Although not approved for use in small animals, the
sedative and cardiovascular effects of romifidine have been re-
ported in both dogs and cats.248–251

Pharmacokinetics and Pharmacodynamics Onset of sedation
and analgesia is rapid after parenteral administration of romifi-
dine. When romifidine is administered IV to horses at doses of 40
to 80 µg/kg, sedation begins within 2 min, peak effects are
reached within 10 min, and sedation lasts for 40 to 80 min.116

Similar results were reported after IV administration of romifidine
at a dose of 80 µg/kg (Fig. 9.13).82 In small animals, romifidine
has a longer duration of action than xylazine or medetomidine. In
dogs, the IM administration of romifidine at doses of 10 to 40
µg/kg produces mild to moderate sedation within 10 min and lasts
for 1 to 2 h.248 Sedation produced by IM administration of romi-
fidine at a dose of 40 µg/kg is comparable in intensity to that pro-
duced by xylazine at a dose of 1 mg/kg but lasts longer.248 The
onset of action is faster after IV administration of romifidine at
doses ranging from 20 to 120 µg/kg, but the incidence of neuro-
muscular, respiratory, and cardiovascular side effects in-
creases.249,250 In cats, IM administration of romifidine (40 µg/kg)
in combination with butorphanol produces moderate sedation.251

Romifidine can also be used preoperatively to facilitate induc-
tion of anesthesia with ketamine and postoperatively to facilitate
recovery from inhalational anesthesia. In horses, administration
of romifidine before induction of anesthesia with diazepam and
ketamine produces short-term anesthesia that is comparable to
that produced by preanesthetic administration of xylazine.252

Romifidine has also been used as a preanesthetic before induc-
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tion and maintenance of anesthesia with ketamine and halothane,
respectively.253 Small doses of romifidine have also been admin-
istered postoperatively to facilitate recovery from isoflurane
anesthesia.254 Like other �2-agonists, preanesthetic administra-
tion of romifidine (20 to 40 µg/kg IV) to dogs reduces the amount
of thiopental or propofol required to induce anesthesia by 40% to
60% and the amount of halothane required to maintain anesthe-
sia by 20%.255,256

At doses that produce equivalent degrees of sedation, romifi-
dine produces changes in cardiovascular function that are com-
parable to those produced by other �2-agonists. In conscious
horses, IV administration of romifidine (80 µg/kg) induces a 20%
increase in mean arterial pressure and a 30% to 60% decrease in
heart rate within 5 min.257 During the next 30 min, bradycardia
persists, AV blockade is common, and cardiac output decreases
by 30% to 40%.257,258 As with other �2-agonists, respiratory rate
decreases, but arterial pH, PCO2, and PO2 do not change, and
gastrointestinal motility decreases after romifidine administra-
tion.257–259 In dogs, IV administration of romifidine at doses
ranging from 5 to 50 µg/kg induces a dose-dependent increase in
mean arterial pressure and decreases in heart rate and cardiac
output.260 After IM administration of romifidine (20 to 40
µg/kg), bradycardia lasts for up to 2 h, respiratory rate decreases,
and arterial pH, PCO2, and PO2 do not change.18 Administration
of glycopyrrolate 15 min before administration of romifidine (20
to 40 µg/kg IM) reduces the incidence and severity of bradycar-
dia but is associated with a dose-dependent increase in mean ar-
terial pressure.18

Clinical Uses Romifidine administration produces reliable se-
dation and analgesia in horses. The drug is used alone and in
combination with butorphanol to produce standing sedation for
diagnostic and surgical procedures, and can also be used as an
analgesic. Romifidine is usually administered IV to horses at
doses ranging from 40 to 80 µg/kg and produces less ataxia than
equivalent sedative doses of xylazine or detomidine.116 Sedation
is more reliable and horses are less responsive to external stimuli
when romifidine is administered in combination with butor-
phanol.257,261 Romifidine (100 µg/kg IV) has also been given as
a preanesthetic before induction of anesthesia with diazepam and
ketamine.252 As with other �2-agonists, fractious or excited ani-
mals may require higher doses of romifidine. Romifidine also
produces marked cardiovascular side effects and should be used
with caution in horses with significant cardiovascular disease and
in those with endotoxic or traumatic shock. Romifidine is not la-
beled for use in dogs and cats, and its use in small animals is not
recommended until further studies are completed.

�2-Antagonists
�2-Antagonists are used to reverse the sedative and cardiovas-
cular effects of �2-agonists. Currently, three antagonists (tola-
zoline, yohimbine, and atipamezole) are available for use in
animals. Tolazoline is a relatively nonselective �-receptor antag-
onist, and receptor binding or selectivity ratios (�2/�1) for
yohimbine and atipamezole are 40:1 and 8526:1, respectively.262

Tolazoline and yohimbine are used primarily to reverse the effects

of xylazine in dogs, cats, ruminants, and several exotic spe-
cies.63,263 Atipamezole is used primarily to reverse the effects of
medetomidine is dogs, cats, and several exotic species.69,264–266

In addition to reversing the sedative and cardiovascular effects
of �2-agonists, �2-antagonists can produce significant side ef-
fects. If a relative overdose of an antagonist is administered, neu-
rological (excitement and muscle tremors), cardiovascular (hy-
potension and tachycardia), and gastrointestinal (salivation and
diarrhea) side effects can occur. Death has also been reported
after rapid IV administration of tolazoline or yohimbine to sheep
sedated with xylazine.267 Therefore, the dose of antagonist
should be calculated carefully, and these calculations should be
based on the amount of agonist administered initially and the
time that has elapsed since the agonist was administered. Gen-
erally, calculations are based on an agonist/antagonist ratio, not a
simple milligram-per-kilogram calculation. When in doubt, it is
usually better to underdose than to overdose the antagonist. �2-
Mediated analgesia is also reversed, and antagonists should be
used with discretion postoperatively.

Tolazoline
This agent is a nonselective �-receptor antagonist used primarily
to reverse the sedative and cardiovascular effects of xylazine in
ruminants.63,263 The drug is a synthetic imidazoline derivative
(2-benzyl-2-imidazoline) that produces histaminergic and choli-
nergic effects in addition to producing nonspecific blockade of �
receptors (Fig. 9.14). Tolazoline is approved for use in horses in
Canada but not the United States.

Pharmacokinetics and Pharmacodynamics Tolazoline is effec-
tive in reversing the sedative cardiovascular and gastrointestinal
effects of xylazine in ruminants. Administration of tolazoline (2
mg/kg IV) reverses the sedative and cardiovascular effects of xy-
lazine (0.3 to 0.4 mg/kg IV) in sheep, 5- to 7-month old calves,
and adult cattle equally well.142,267–270 In steers and lactating
dairy cattle given tolazoline IV at a relatively high dose (4
mg/kg), tolazoline concentrations were below 10 µg/kg by 4 days
in tissue samples and by 2 days in milk samples.113

Clinical Uses Tolazoline is used primarily to reverse the seda-
tive and cardiovascular effects of xylazine in ruminants. Dose
calculations are made based on an agonist/antagonist ratio of ap-
proximately 1:10. Therefore, if the initial xylazine dose is 0.1 to
0.2 mg/kg, then tolazoline would be administered IV at a dose of
1 to 2 mg/kg. The time that has elapsed since the agonist was ad-
ministered should be considered, as well. Tolazoline should be
administered slowly when given IV to avoid neurological (ex-
citement) and cardiovascular (hypotension and tachycardia) side
effects.

Yohimbine
This agent is used as a selective �2-receptor antagonist of the
sedative and cardiovascular effects of xylazine in dogs, cats, and
several exotic species.63,263 This drug is an indolealkylamine al-
kaloid (17-hydroxyyohimban-16-carboxylic acid methyl ester)
that is related structurally to reserpine (Fig. 9.14). At high con-
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centrations, yohimbine may interact with dopaminergic and sero-
tonergic receptors, and, at very high concentrations, it may have a
nonspecific local anesthetic effect.271 Yohimbine is approved for
use in dogs in Canada and in dogs and deer in the United States.

Pharmacokinetics and Pharmacodynamics The pharmacokinet-
ics of yohimbine have been reported for dogs, horses, and cattle.272

In dogs given yohimbine (0.4 mg/kg IV), the volume of distri-
bution, total body clearance, and elimination half-life were 4.5
L/kg, 30 mL/min · kg, and 104 min, respectively. In horses given
yohimbine (0.15 mg/kg IV), the volume of distribution, total
body clearance, and elimination half-life were 4.6 L/kg, 40
mL/min · kg, and 76 min, respectively. In cattle given yohimbine
(0.25 mg/kg IV), the volume of distribution, total body clearance,
and elimination half-life were 4.9 L/kg, 70 mL/min · kg, and 47
min, respectively.

Many reports on a variety of species have documented yohim-
bine’s efficacy in antagonizing the various actions of xylazine.
Examples include use in dogs where yohimbine (0.1 mg/kg IV)
reverses the sedative and cardiovascular effects of xylazine (1
mg/kg) when administered IV or IM263,273–275 and in cats where

yohimbine (0.5 mg/kg IV) reverses the sedative and cardiovascu-
lar effects of xylazine (1 mg/kg IM).263 In white-tailed deer,
yohimbine (0.3 mg/kg IV) reportedly reverses the sedative and
cardiovascular effects of a high dose of xylazine (3 mg/kg
IM),263,276 whereas, in calves, it (0.25 mg/kg IV) rapidly reverses
the cardiovascular and gastrointestinal effects of xylazine (0.05
mg/kg IV), with minimum effect on sedation.277

Clinical Uses Dose calculations are made based on agonist/
antagonist ratios of approximately 10:1, 2:1, and 10:1, for dogs,
cats, and deer, respectively. Therefore, if the initial dose of xy-
lazine is 0.5 mg/kg for a dog, then yohimbine would be given IV
at a dose of 0.05 mg/kg. The time that has elapsed since the ag-
onist was administered should be considered, as well. Like tola-
zoline, yohimbine is usually administered slowly IV to avoid
neurological (excitement) and cardiovascular (hypotension and
tachycardia) side effects.

Atipamezole
This highly selective �2-receptor antagonist is used to reverse 
the sedative and cardiovascular effects of medetomidine in 
dogs, cats, and several other species.69,264–266,278 The chemical
name of the drug is (4-2-ethyl-2,3-dihydro-1H-inden-2-yl)-1H-
imidazole (Fig. 9.14). Atipamezole is 200 to 300 times more se-
lective for the �2 receptor than is yohimbine and has no effect at
�-adrenergic, dopaminergic, serotonergic, histaminergic, mus-
carinic, opiate, �-aminobutyric acid (GABA), or benzodiazepine
receptors.262 Atipamezole is approved for use in dogs in North
America and Europe.

Pharmacokinetics and Pharmacodynamics The pharmacoki-
netics of atipamezole (250 µg/kg IM), alone and 30 min after ad-
ministration of medetomidine (50 µg/kg IV), have been reported
for dogs.279 When atipamezole is given alone, peak plasma con-
centrations are reached within 15 min, and the volume of distri-
bution, total body clearance, and elimination half-life are 2.3
L/kg, 27 mL/min · kg, and 56 min, respectively. When atipame-
zole is given after medetomidine, peak plasma concentrations are
reached within 25 min, and the volume of distribution, total body
clearance, and elimination half-life are 2.5 L/kg, 24 mL/min · kg,
and 72 min, respectively. Apparently, prior administration of
medetomidine reduces cardiac output and hepatic blood flow,
which delays absorption and metabolism of atipamezole.

Atipamezole is used primarily to reverse the sedative and car-
diovascular effects of medetomidine in dogs.264,265 Animals given
atipamezole (200 µg/kg IM), 15 to 30 min after administration of
medetomidine (40 µg/kg IM), show increases in heart rate and ini-
tial signs of arousal within 5 min and are walking within 10 min.
Occasionally, tachycardia and excitation occur shortly after ati-
pamezole administration, and resedation can occur 30 to 60 min
after administration of the antagonist. Atipamezole has also been
used to reverse the sedative and cardiovascular effects of medeto-
midine in cats.266 Cats administered atipamezole (200 to 400
µg/kg IM), 15 to 30 min after administration of medetomidine
(100 µg/kg IM), show increases in heart rate and initial signs of
arousal within 5 min and are walking within 10 min. Occasionally,
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tachycardia and excitation occur shortly after atipamezole admin-
istration. Atipamezole has also been used to reverse the sedative ef-
fects of medetomidine in cattle278 and several exotic species.69

Medetomidine/atipamezole ratios for nondomestic carnivores and
ruminants are 1:2–3 and 1:4–5, respectively. Atipamezole has been
used to reverse the sedative and cardiovascular effects of xylazine
in several species.69,280–283 The xylazine/atipamezole ratio for re-
versal of most mammals is approximately 10:1.

Clinical Uses Atipamezole is usually administered to reverse
the effects of medetomidine after nonpainful diagnostic or thera-
peutic procedures, and it is not usually administered periopera-
tively. Complete reversal of the sedative, analgesic, and cardio-
vascular effects of medetomidine is achieved when atipamezole
is administered IM to dogs and cats at four to six times and two
to four times the dose of medetomidine, respectively.265,266

Therefore, if the initial dose of medetomidine is 20 µg/kg for a
dog, then atipamezole would be given IM at a dose of 100 µg/kg.
Similarly, if the initial dose of medetomidine is 40 µg/kg for a
cat, then atipamezole would be given IM at a dose of 120 µg/kg.

In both of these examples, the dose of atipamezole should be re-
duced if more than 30 min has elapsed since medetomidine ad-
ministration. Because of the potential for excitation and cardio-
vascular side effects (hypotension and tachycardia), atipamezole
is not labeled for IV use. However, it can be given IV to reverse
the cardiovascular effects of medetomidine in emergency situa-
tions. Atipamezole and anticholinergics can both cause dramatic
increases in heart rate, and the concurrent use of these drugs
should be avoided.

Benzodiazepine Agonists
Benzodiazepines produce most of their pharmacological effects
by modulating GABA-mediated neurotransmission.284 GABA is
the primary inhibitory neurotransmitter in the mammalian nerv-
ous system and cell membranes of most CNS neurons express
GABA receptors. These receptors are also found outside the CNS
in autonomic ganglia. Two main types of GABA receptors are
involved in neuronal transmission: The GABAA receptor com-
plex is a ligand-gated chloride channel that consists of a central 
pore surrounded by five glycoprotein subunits (Fig. 9.15).
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Activation requires binding of GABA molecules to both � sub-
units of the receptor. The GABAB receptor is a metabotropic re-
ceptor that consists of a single glycoprotein subunit that is
closely associated with a G protein. These G proteins are coupled
directly to potassium or calcium channels or to a second-messen-
ger system (adenylate cyclase or phospholipase C). Activation of
ionotropic GABAA receptors increases chloride conductance
rapidly and generates fast inhibitory postsynaptic potentials.
Activation of metabotropic GABAB increases potassium conduc-
tance slowly and generates slow inhibitory postsynaptic poten-
tials. Presynaptic GABAB autoreceptors are coupled to calcium
channels and regulate neurotransmitter release.

The benzodiazepine-binding site, as well as the binding sites
for other injectable anesthetics (barbiturates, propofol, and eto-
midate), is located on the GABAA receptor complex (Fig. 9.15).
Benzodiazepines enhance binding between GABA and the
GABAA receptor, and increase the frequency of channel opening.
In contrast, barbiturates enhance intrinsic activity and increase
the duration of channel opening. Both mechanisms increase chlo-
ride conductance and hyperpolarize the cell membrane, which re-
duces neuronal excitability. Benzodiazepines have no intrinsic
agonist activity and cannot alter chloride conductance in the ab-
sence of GABA. This lack of intrinsic activity limits CNS de-
pression and provides benzodiazepines with a much wider mar-
gin of safety than barbiturates.

Modulation of GABA-mediated neurotransmission also plays
a role in nociception.285 At the supraspinal level, activation of
GABAA receptors inhibits descending antinociceptive pathways
and enhances sensitivity to noxious stimuli. In fact, systemic ad-
ministration of benzodiazepines and barbiturates antagonizes the
analgesic effect of opioids.286,287 However, at the spinal level, ac-
tivation of GABAA and GABAB receptors produces an antinoci-
ceptive effect, and antagonism of spinal GABAB receptors may
contribute to the development of allodynia.

Ligands that bind to benzodiazepine receptors are classified as
agonists, inverse agonists, and antagonists. Agonists bind to ben-
zodiazepine receptors and produce sedative, anxiolytic, muscle
relaxant, and anticonvulsant effects in most animals. Inverse ag-
onists bind to the same receptor and produce the opposite effects.
Antagonists have high affinity for the benzodiazepine receptor
and have little or no intrinsic activity. These ligands block or re-
verse the effects of both agonists and inverse agonists. Diazepam,
midazolam, and zolazepam are the benzodiazepine agonists used
most commonly in animals. Diazepam and midazolam are used
primarily as sedatives, muscle relaxants, and anticonvulsants.
Zolazepam is available in combination with a dissociative anes-
thetic (tiletamine), which is approved for use as an anesthetic in
dogs and cats in the United States.

Diazepam
This is the most widely used benzodiazepine in both small and
large animals. The chemical name for the drug is 7-chloro-1,3-
dihydro-1-methyl-5-phenyl-2H-1,4-benzodiazepin-2-one (Fig.
9.16). Diazepam is not soluble in water, and parenteral formula-
tions contain 40% propylene glycol and 10% ethanol. Because of
this insolubility, diazepam should not be mixed with diluents or

other drugs. Further, the drug should not be administered IM be-
cause it is very irritating and is poorly absorbed. The parenteral
formulation of diazepam is administered by slow IV injection to
avoid pain, thrombophlebitis, and cardiotoxicity. The drug is also
sensitive to light and adheres to plastic, so therefore should not
be stored in plastic syringes for extended periods.288 Diazepam is
used primarily as a muscle relaxant and as an anticonvulsant for
dogs, cats, and horses. The drug is not approved for use in ani-
mals in Canada or the United States.

Pharmacokinetics Diazepam is highly lipid soluble and is rap-
idly distributed throughout the body. Approximately 90% of the
drug is protein bound, and diazepam is metabolized by demethy-
lation and hydroxylation to N-desmethyldiazepam (nor-
diazepam), 3-hydroxydiazepam, and oxazepam.289 Nordiazepam
and oxazepam produce significant pharmacological effects at
clinically relevant concentrations. The pharmacokinetics of di-
azepam have been determined in dogs, cats, and horses. In dogs,
the elimination half-life of diazepam after administration of a rel-
atively high dose (2 mg/kg IV) is 3.2 h.290 Nordiazepam appears
rapidly in plasma and quickly exceeds concentrations of di-
azepam, whereas oxazepam concentrations peak within 2 h. The
elimination half-lives of nordiazepam and oxazepam are 3.6 and
5.7 h, respectively. In cats, the mean elimination half-life of di-
azepam after administration of relatively high doses (5, 10, and
20 mg/kg IV) is 5.5 h.291 Approximately 50% of the diazepam

228 ● Pharmacology

Midazolam Maleate

Diazepam

Flumazenil

Cl

CN3

N

N

O

N

N

NCl

CH3

F

H

H

C

C

COOH

COOH

•

O

N

N

N

F
CN3

O

COC2H5

Fig. 9.16. Chemical structures of benzodiazepine receptor agonists
and antagonists. With permission from Gross.325



dose is converted to nordiazepam, and the mean elimination half-
life of the metabolite is 21 h—which is approximately four times
longer than the half-life of diazepam. In horses, the elimination
half-life ranges from 7 to 22 h after IV administration of di-
azepam at a dose 0.2 mg/kg.292 Metabolites are not detectable in
plasma, but glucuronide conjugates are detectable in the urine. In
contrast to dogs and cats, conjugation and elimination of the nor-
diazepam and oxazepam is rapid in the horse.

Pharmacodynamics Diazepam does not sedate dogs and
horses reliably, and can cause excitement, dysphoria, and ataxia.
In dogs, IV administration of diazepam (0.5 mg/kg) produces
arousal and excitement.293 Diazepam administration can pro-
duce dysphoria and aggressive behavior in cats, and the drug
should be used with caution in this species.120 In horses, IV ad-
ministration of diazepam at doses greater than 0.2 mg/kg pro-
duces mild sedation but also marked muscle relaxation, ataxia,
and recumbency.292 Because of these behavioral effects, di-
azepam alone has limited value as a sedative for dogs, cats, and
horses. In dogs and horses, it is used primarily as a muscle re-
laxant before induction of anesthesia with ketamine. Diazepam
administration (0.3 to 0.5 mg/kg IV) immediately before keta-
mine administration improves muscle relaxation and facilitates
intubation in dogs.293,294 In horses premedicated with xylazine,
diazepam administration (0.05 to 0.1 mg/kg IV) immediately
before ketamine administration improves muscle relaxation and
induction quality.295 In cats premedicated with diazepam and
then administered either ketamine or thiopental, dysphoria and
aggressive behavior can occur during the recovery period.120,296

This type of aberrant behavior limits the utility of diazepam as
an anesthetic adjunct in cats.

Diazepam administered preoperatively reduces injectable and
inhalational anesthetic requirements. Preoperative administration
of diazepam (0.1 to 0.2 mg/kg IV) reduces the dose of thiamylal
required to induce anesthesia, whereas the intraoperative admin-
istration reduces the amount of inhalant required to maintain
anesthesia.297 Diazepam reduces isoflurane requirements by 20%
in dogs anesthetized with isoflurane and fentanyl.298 Similarly, in
horses, diazepam administration (0.04 mg/kg) reduces halothane
requirement by 29%.299 Not surprisingly, diazepam administra-
tion (0.2 mg/kg IV) decreases the absolute power of the elec-
troencephalogram in all frequencies in dogs anesthetized with
isoflurane.300

Diazepam produces limited effects on cardiovascular and pul-
monary function in animals. In dogs, heart rate, myocardial con-
tractility, cardiac output, and arterial blood pressure do not
change appreciably after the IV administration of diazepam at
doses of 0.5, 1.0, and 2.5 mg/kg.301 The IV administration of di-
azepam at a dose of 0.5 mg/kg followed by the IV administration
of ketamine (10 mg/kg) increases heart rate, as well cardiac out-
put, with little change in blood pressure.293 Respiratory rate de-
creases, but tidal volume is unchanged after ketamine administra-
tion. In horses, IV administration of diazepam over a wide range
of doses (0.05 to 0.4 mg/kg) does not produce significant
changes in heart rate, cardiac output, arterial blood pressure, res-
piratory rate, or arterial blood-gas values.292

Clinical Uses Diazepam is not a reliable sedative, but is a good
muscle relaxant and anticonvulsant in most species. In dogs, di-
azepam is commonly administered IV at a dose of 0.3 to 0.5
mg/kg immediately before induction of anesthesia with keta-
mine.293,302 Diazepam also can be administered prior to induc-
tion of anesthesia with thiopental, propofol, etomidate, or an opi-
oid. Diazepam appears to be a more reliable sedative in older
dogs and can be administered alone or in combination with an
opioid to produce sedation in this subpopulation. In horses pre-
medicated with xylazine or romifidine, diazepam is routinely ad-
ministered IV at a dose of 0.05 to 0.1 mg/kg immediately before
induction of anesthesia with ketamine.295,303 Diazepam is also a
reliable sedative in foals under 1 month of age and can be admin-
istered IV at a dose of 0.1 to 0.2 mg/kg. Higher doses are often
administered when diazepam is used as an anticonvulsant. In
small animals, diazepam in administered IV at a dose of 0.5 to
1.0 mg/kg to control seizures, and, in large animals, a dose of 0.1
to 0.2 mg/kg is usually effective. Again, the parenteral formula-
tion of diazepam is very irritating and potentially cardiotoxic,
and should always be administered by slow IV injection.

Midazolam
This is probably the most underutilized sedative in veterinary
medicine. Although the drug is not a reliable sedative in dogs and
cats, it produces excellent sedation and muscle relaxation in
many small mammals (ferrets and rabbits), some large mammals
(swine), and many birds. Midazolam is a benzodiazepine with a
fused imidazole ring that accounts for the water solubility of the
drug at pH values below 4.0. The chemical name of midazolam
is 8-chloro-6-(2-fluorophenyl)-1-methyl-4H-imidazo(1,5-�)
(1,4)-benzodiazepine (Fig. 9.16). The pH of the parenteral for-
mulation is 3.5, and the drug is light sensitive like diazepam.
After injection, midazolam changes its chemical configuration
and becomes lipid soluble at physiological pH. Unlike diazepam,
the drug is nonirritating and well absorbed after IM administra-
tion. Midazolam is used primarily as a perioperative sedative and
muscle relaxant in ferrets, rabbits, swine, and birds. In dogs, it
can be used as a sedative in older or debilitated animals, and in
combination with ketamine to induce anesthesia. Midazolam is
not approved for use in animals in Canada or the United States.

Pharmacokinetics In dogs, midazolam is almost completely
(>90%) absorbed after IM injection, and peak plasma concentra-
tions are reached within 15 min.304 The drug is also highly pro-
tein bound (>95%) and rapidly crosses the blood-brain barrier.
Midazolam is hydroxylated in the liver, and glucuronide conju-
gates are excreted in the urine.305 After IV administration of mi-
dazolam (0.5 mg/kg), the volume of distribution, elimination
half-life, and clearance are 3.0 L/kg, 77 min, and 27 mL/kg · min,
respectively.304 In dogs given midazolam (0.5 mg/kg IV) and ke-
tamine (10 mg/kg IV) as a bolus, the elimination half-life of mi-
dazolam is 28 min.306 In dogs anesthetized with enflurane, the
volume of distribution, elimination half-life, and clearance of mi-
dazolam when given IV as a bolus are 3.9 L/kg, 98 min, and 29
mL/kg · min, respectively.307 In piglets given midazolam (0.4
mg/kg) IV or intranasally, the elimination half-lives were 138
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and 158 min, respectively.308 Bioavailability is 64% and maxi-
mum plasma concentrations are reached within 5 min after in-
tranasal administration.

Pharmacodynamics Midazolam is more lipophilic than di-
azepam and has twice the affinity for the benzodiazepine recep-
tor. It also appears to have a greater sedative effect than diazepam
in most species. Onset of sedation and muscle relaxation is rapid
after IV or IM administration in most species. In most dogs ad-
ministered midazolam (0.5 mg/kg) IV or IM, muscle relaxation,
ataxia, transient agitation, or mild sedation are quickly ob-
served.304 In cats administered midazolam IV or IM over a wide
range of doses (0.05 to 5.0 mg/kg), muscle relaxation becomes
evident but so does arousal and excitement in many cats.309–311

Some cats are difficult to approach and restrain after midazolam
administration. Likewise, many cats administered midazolam
and ketamine exhibit abnormal behavior (excitation or vocaliza-
tion) during recovery. In contrast to its effect on cats, midazolam
reliably sedates many other small mammals. In ferrets and rab-
bits, IM administration of midazolam at a dose of 0.5 to 1.0
mg/kg produces excellent sedation and muscle relaxation. It can
also be administered intranasally to rabbits at dose of 2.0
mg/kg.312 In piglets and adult swine, midazolam is an effective
sedative when administered either IM or intranasally at a dose of
0.1 to 0.2 mg/kg.308,313 In parrots and raptors, IM administration
of midazolam at dose of 0.5 to 1.0 mg/kg produces mild to mod-
erate sedation and muscle relaxation. It is also effective as a seda-
tive in quail and geese when administered IM at doses ranging
from 2 to 4 mg/kg.314,315

Midazolam is commonly given to enhance muscle relaxation
and facilitate intubation in dogs and cats coadministered keta-
mine.294,311 Preanesthetic administration (0.1–0.2 mg/kg IV) re-
duces the induction dose of barbiturates and propofol and the
concentration of isoflurane required to maintain anesthesia dur-
ing surgery.316–318 Like diazepam, midazolam (0.2 mg/kg IV)
decreases the absolute power of the electroencephalogram in
dogs anesthetized with isoflurane.319

Midazolam administration produces minimal effects on car-
diopulmonary function in mammals and birds. In dogs, heart rate
and cardiac output increase by 10% to 20% after IV administra-
tion of midazolam at doses of 0.25 and 1.0 mg/kg.301 In swine,
even though heart rate decreases by 20% and respiratory rate de-
creases by 50%, cardiac output and blood-gas values do not
change after IM midazolam injection (0.1 mg/kg).313 The IV
coadministration of midazolam with ketamine induces changes
in cardiopulmonary function comparable to those induced by di-
azepam and ketamine in dogs.294

Clinical Uses Midazolam can be used alone and in combina-
tion with opioids to sedate older dogs, small mammals, swine,
and birds. It is also administered in combination with injectable
anesthetics to improve muscle relaxation and to reduce the dose
of anesthetic required to induce anesthesia. Because midazolam
has limited effects on cardiopulmonary function, the drug is an
ideal sedative for many older or compromised animals. In dogs,
midazolam is typically administered alone at doses of 0.2 to 0.4

mg/kg IM or in combination with opioids (butorphanol, hydro-
morphone, or oxymorphone) to induce sedative-analgesic ef-
fects. It can be administered IV at doses of 0.1 to 0.2 mg/kg be-
fore induction of anesthesia with ketamine, thiopental, propofol,
or etomidate. In ferrets and rabbits, midazolam is administered
IM at doses of 0.5 to 1.0 mg/kg, either alone or in combination
with opioids (butorphanol or hydromorphone), prior to induction
of anesthesia with ketamine. A 0.5- to 1.0-mg/kg dose given IM
alone or in combination with butorphanol before induction of
anesthesia with isoflurane or sevoflurane has proven quite effec-
tive in calming parrots and raptors. Midazolam is also an excel-
lent sedative for most birds undergoing routine diagnostic proce-
dures. In swine, midazolam is typically given IM at doses of 0.1
to 0.2 mg/kg, alone or in combination with opioids, prior to in-
duction with ketamine. Midazolam can also be combined with
ketamine to immobilize swine for diagnostic procedures and to
facilitate placement of IV catheters. Anticonvulsant doses of mi-
dazolam are comparable to those for diazepam in most species.
Midazolam is not approved for use in animals in Canada or the
United States.

Benzodiazepine Antagonists
These bind to the GABAA receptor complex and block the effects
of both agonists and inverse agonists. Antagonists have a strong
affinity for the benzodiazepine receptor but have no intrinsic ac-
tivity and are relatively free of side effects. Additionally, benzo-
diazepine antagonists cannot reverse the effects of anesthetic
drugs (barbiturates) that bind to other sites on the GABAA recep-
tor complex. Flumazenil is the only benzodiazepine antagonist
currently available for clinical use. In animals, it is used primar-
ily to reverse the sedative and muscle-relaxant effects of di-
azepam and other benzodiazepines.

Flumazenil
This is a highly selective, competitive benzodiazepine receptor
antagonist. The chemical name of the drug is ethyl-8-fluro-5,6-
dihydro-5-methyl-6-oxo-4H-imidazolo-(1,5-�)benzodiazepine-
3-carboxylate (Fig. 9.16). Flumazenil has a strong affinity for the
benzodiazepine receptor and has minimal intrinsic activity. The
drug is used to reverse the unwanted behavioral and muscle re-
laxing effects of diazepam and midazolam in mammals and
birds. Flumazenil is not approved for use in animals in Canada or
the United States.

Pharmacokinetics and Pharmacodynamics Limited pharmaco-
kinetic data are available for animals. An elimination half-life of
0.4 to 1.3 h has been reported for dogs.320 In people, midazolam
and flumazenil have similar pharmacokinetic profiles, which
makes flumazenil a suitable antagonist for midazolam.321 After
IV administration, flumazenil is widely distributed and has an
elimination half-life of approximately 1 h. The drug is not highly
protein bound (<40%) and has a relatively high hepatic extrac-
tion ratio (0.6). Flumazenil undergoes hepatic metabolism and
the primary metabolite is inactive.

Flumazenil rapidly reverses the sedative and muscle relaxant
effects of benzodiazepine agonists in animals. In dogs, flumaze-
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nil administration completely reverses the behavioral and mus-
cle-relaxant effects of an overdose of diazepam (2 mg/kg IV) or
midazolam (1 mg/kg IV) within 5 min.320 In addition, flumaze-
nil may reverse the anticonvulsant effects of benzodiazepine ag-
onists. Although flumazenil has minimal intrinsic activity, ad-
ministration of the antagonist could facilitate development of
seizures in predisposed animals. Flumazenil also appears to have
minimal effects on cardiopulmonary function in animals.

Clinical Uses Currently, flumazenil is the only benzodiazepine
antagonist used in veterinary medicine. In dogs, an overdose of
diazepam (2.0 mg/kg IV) or midazolam (1.0 mg/kg IV) can be
effectively antagonized with flumazenil at a dose of 0.08
mg/kg.320 These doses correspond to agonist/antagonist ratios 
of 26:1 and 13:1 for diazepam/flumazenil and midazolam/
flumazenil, respectively. Flumazenil can be used in combina-
tion with opioid antagonists to reverse diazepam-oxymorphone
sedation in dogs or alone to improve recoveries in cats given
benzodiazepine-ketamine combinations.322,323 In birds, flumaze-
nil (0.1 mg/kg IM) has been used to reverse sedation and muscle
relaxation induced by high doses of midazolam (2 to 6 mg/kg
IM).314 Following tiletamine-zolazepam (Telazol) administration
in pigs, flumazenil can be used to reverse rear-limb muscle paral-
ysis during recovery. 
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Introduction
There are three major classes of analgesic agents employed in vet-
erinary medicine for the management of pain: opioids, nonsteroidal
anti-inflammatory drugs (NSAIDs), and local anesthetics. In addi-
tion to these three traditional drug classes, another diverse group of
agents used to manage pain is known collectively as analgesic ad-
juvants. This chapter reviews the pharmacology of the opioids,
NSAIDs, and analgesic adjuvants. For a complete discussion of the
local anesthetics, the reader is referred to Chapter 14.

Opioids
All opioid analgesics are chemically related to a group of com-
pounds that have been purified from the juice of a particular
species of poppy: Papaverum somniferum. The unrefined extract
from the poppy is called opium and contains approximately 20
naturally occurring pharmacologically active compounds, in-
cluding familiar ones like morphine and codeine. This group of

purified natural agents is specifically referred to as opiates. In ad-
dition, numerous semisynthetic and synthetic analogs of the opi-
ates have been developed for clinical use. The word opioid is
used broadly to cover all drugs that are chemical derivatives of
the compounds purified from opium and is the term that is used
throughout this chapter.

The opioids continue to be the cornerstone of effective pain
treatment in veterinary medicine. They are a versatile group of
drugs with extensive applications in the management of pain in
patients with acute trauma, in patients undergoing surgical pro-
cedures, in patients with painful medical conditions or disease
processes, and in patients suffering from chronic pain that re-
quire long-term therapy. In order for today’s practitioner to be in
a position to exploit this class of drugs to their fullest potential, a
discussion encompassing the current state of knowledge of opi-
oid pharmacology is appropriate.

Receptors
It is well known that exogenously administered opioids such as
morphine or heroin exert their effects by interacting with specific
opioid receptors and mimicking naturally occurring molecules
known as endogenous opioid peptides. Based on work carried out
over the past 20 years, it is now accepted that there are three well-
defined types of opioid receptors, most commonly known by their
Greek letter designations as µ (mu), � (delta), and � (kappa).1–4

This classic system of nomenclature has been under reconsidera-
tion for a number of years and, during this time, several alterna-
tive naming systems have been proposed, leading to considerable
confusion. In addition, a fourth type of opioid receptor, the noci-
ceptin receptor (also known as the orphanin FQ receptor) has been
characterized.5,6 According to the most recent recommendations
of the International Union of Pharmacology Subcommittee on
Nomenclature, variations based on the Greek letters remain ac-
ceptable. Thus, mu, µ, or MOP (for mu opioid peptide); delta, �,
or DOP (for delta opioid peptide); kappa, �, or KOP (for kappa
opioid peptide); and NOP (for nociceptin opioid peptide) are con-
sidered interchangeable abbreviations. Distinct complementary
DNA (cDNA) sequences have been cloned for all four opioid re-
ceptor types, and each type appears to have a unique distribution
in the brain, spinal cord, and periphery.7

The diversity of opioid receptors is further extended by the ex-
istence of several subtypes of µ, �, and � receptors. Based on
pharmacological studies, there are thought to be at least three µ-
receptor subtypes, µ1, µ2, and µ3; two �-receptor subtypes, �1
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and �2; and perhaps as many as four �-receptor subtypes, �1a,
�1b, �2, and �3.7 The discovery of opioid receptor subtypes gen-
erated great enthusiasm among researchers and introduced the
possibility of developing subtype-specific therapeutic agents
with favorable side-effect profiles. At this point, however, the
functional significance of these receptor subtypes remains un-
clear, and distinct cDNA sequences corresponding to these sub-
types have not yet been identified.7

In general, it appears that the µ receptor mediates most of the
clinically relevant analgesic effects, as well as most of the ad-
verse side effects associated with opioid administration.2 Drugs
acting at the � receptor tend to be poor analgesics, but may mod-
ify µ receptor–mediated antinociception under certain circum-
stances and mediate opioid receptor “crosstalk.” The � receptor
mediates analgesia in several specific locations in the central
nervous system (CNS) and the periphery, but distinguishing µ-
and �-mediated analgesic effects has proven to be difficult.2,7 In
contrast to the classic opioid receptors, the nociceptin receptor
does not mediate typical opioid analgesia,3,6 but instead produces
antiopioid (pronociceptive) effects.5,6 Because of the consider-
able structural homology among the three classically described
opioid receptors, it is likely that there are significant interactions
among these receptors in different tissues, and the loosely de-
fined physiological roles ascribed to each receptor type still re-
quire further clarification.

Endogenous Receptor Ligands
The aforementioned opioid receptors discussed are part of an ex-
tensive opioid system that includes a large number of endoge-
nous opioid peptide ligands. Endogenous opioid peptides are
small molecules that are naturally produced in the CNS and in
various glands throughout the body, such as the pituitary and the
adrenal.3 Three distinct families of endogenous opioid peptides
have been identified: the enkephalins, the dynorphins, and �-
endorphin. Each of these is derived from a distinct precursor
polypeptide: proenkephalin, prodynorphin, and proopiome-
lanocortin, respectively.3 These endogenous opioid peptides are
expressed throughout the CNS, and their presence has been con-
firmed in peripheral tissues, as well.3 There are considerable
structural similarities among these three groups of peptides, and
each family demonstrates variable affinities for µ, �, and � recep-
tors. None of them bind exclusively to a single opioid receptor,
and none of them have any significant affinity for the nociceptin
receptor. The physiological roles of these peptides are not com-
pletely understood at this time. They appear to function as neu-
rotransmitters, neuromodulators and, in some cases, as neurohor-
mones. They mediate some forms of stress-induced analgesia
and also play a role in analgesia induced by electrical stimulation
of discrete regions in the brain, such as the periaqueductal gray
area of the mesencephalon.4

Nociceptin (also known as orphanin FQ) is the endogenous lig-
and for the more recently discovered nociceptin receptor.
Nociceptin is derived from pronociceptin, and its amino acid se-
quence is closely related to that of the aforementioned endoge-
nous opioid peptides.3,5 Despite this homology, nociceptin bind-
ing is specific for the nociceptin receptor, and the peptide does not

appear to interact with µ, �, or � receptors. Furthermore, the phys-
iological effects of nociceptin are in direct contrast to the actions
of the classical endogenous opioid peptides, with nociceptin pro-
ducing a distinctly pronociceptive effect.3,5,6 The functional sig-
nificance of nociceptin and its receptor remains to be elucidated,
but additional insight into this novel opioid peptide may have sub-
stantial implications in future therapeutic drug development.

In addition to the enkephalins, dynorphins, �-endorphin, and
nociceptin, there are now two other recently discovered endoge-
nous opioid peptides called endomorphin 1 and endomorphin 2.8

These peptides are putative products of an, as yet, unidentified
precursor and have been proposed to be the highly selective en-
dogenous ligands for the µ receptor.3,8 The endomorphins are
small tetrapeptides that are structurally unrelated to the endoge-
nous opioid peptides.8 Their identification has heralded a new era
in research of the µ opioid system, which may contribute to our
understanding of the neurobiology of opioids and provide new
avenues for therapeutic interventions.

Signaling and Mechanisms of Analgesia
Binding of an opioid agonist to a neuronal opioid receptor, re-
gardless of whether the agonist is endogenous or exogenous, typ-
ically leads to several events that serve to inhibit the activation of
the neuron. Opioid receptors are part of a large superfamily of
membrane-bound receptors that are coupled to G proteins.7 As
such, they are structurally and functionally related to receptors
for many other neurotransmitters and neuropeptides that act to
modulate the activity of nerve cells. Opioid receptor binding, via
activation of various types of G proteins, may inhibit adenylyl
cyclase (cyclic adenosine monophosphate) activity, activate re-
ceptor-operated phosphate ion (K+) currents, and suppress volt-
age-gated calcium ion (Ca2+) currents.4

At the presynaptic level, decreased Ca2+ influx will reduce
release of transmitter substances, such as substance P, from pri-
mary afferent fibers in the spinal cord dorsal horn thereby inhibit-
ing synaptic transmission of nociceptive input.4 Postsynaptically,
enhanced K+ efflux causes neuronal hyperpolarization of spinal
cord projection neurons and inhibits ascending nociceptive path-
ways. A third potential mode of opioid action involves upregula-
tion of supraspinal descending antinociceptive pathways in the
periaqueductal gray matter. It is now known that this system is
subject to tonic inhibition mediated by GABAergic neurons, and
opioid receptor activation has been shown to suppress this inhibi-
tory influence and augment descending antinociceptive transmis-
sion.4,9 The proposed cellular basis for this involves µ receptors
that activate voltage-dependent K ions present on presynaptic
GABAergic nerve terminals that inhibit �-aminobutyric acid
(GABA) release into the synaptic cleft.9 It is important to note
that although our collective understanding of opioid receptor–
mediated signaling has increased dramatically in recent years, the
relationship of such subcellular events to clinical analgesia at the
level of the organism continues to require further clarification.

Distribution and Therapeutic Implications
Although cellular and molecular studies of opioid receptors and
ligands are invaluable in understanding their function, it is criti-
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cal to place opioid receptors in their anatomical and physiologi-
cal context to fully appreciate the opioid system and its relevance
to pain management. It has long been a principle tenet of opioid
analgesia that these agents are centrally acting, and this under-
standing has shaped the way we use opioid analgesics clinically.
It has been well established that the analgesic effects of opioids
arise from their ability to directly inhibit the ascending transmis-
sion of nociceptive information from the spinal cord dorsal horn,
and to activate pain-control circuits that descend from the mid-
brain via the rostral ventromedial medulla to the spinal cord.
Within the CNS, evidence of µ, �, and � opioid receptor messen-
ger RNA and/or opioid peptide binding has been demonstrated in
supraspinal sites, including the mesencephalic periaqueductal
gray matter, the mesencephalic reticular formation, various nu-
clei of the rostral ventromedial medulla, and forebrain regions in-
cluding the nucleus accumbens, as well as spinally within the
dorsal horn.10,11 The interactions between groups of opioid re-
ceptors at various spinal and supraspinal locations, as well as in-
teractions among different receptor types within a given location
are complex and incompletely understood at this time.

Systemic administration of opioid analgesics via intravenous,
intramuscular, or subcutaneous injection will induce a relatively
rapid onset of action via interaction with these CNS receptors.
Oral, transdermal, rectal, or buccal mucosal administration of
opioids will result in variable systemic absorption, depending on
the characteristics of the particular agent, with analgesic effects
being mediated largely by the same receptors within the CNS. In
addition, neuraxial administration, either into the subarachnoid
or epidural space, is a particularly efficacious route of adminis-
tration. Small doses of opioids introduced via these routes read-
ily penetrate the spinal cord and interact with spinal and/or
supraspinal opioid receptors to produce profound and potentially
long-lasting analgesia, the characteristics of which will depend
on the particular drug used.

Even though opioids have long been considered the prototype
of centrally acting analgesics, a body of evidence has emerged
that clearly indicates that opioids can produce potent and clini-
cally measurable analgesia by activation of opioid receptors in
the peripheral nervous system.12 Opioid receptors of all three
major types have been identified on the processes of sensory neu-
rons,13,14 and these receptors respond to peripherally applied
opioids and locally released endogenous opioid peptides when
upregulated during inflammatory-pain states.12,15,16 Further-
more, although sympathetic neurons and immune cells have also
been shown to express opioid receptors, their functional role re-
mains unclear.14 Although the binding characteristics of periph-
eral and central opioid receptors are similar, the molecular mass
of peripheral and central µ opioid receptors appears to be differ-
ent, suggesting that selective ligands for these peripheral recep-
tors could be developed that would produce opioid analgesia
without the potential to induce centrally mediated adverse side
effects.12,14,17–19

Side Effects
Although opioids are used clinically primarily for their pain-
relieving properties, they also produce a host of other effects on

a variety of body systems. This is not surprising in light of the
wide distribution of endogenous opioid peptides and their recep-
tors in supraspinal, spinal, and peripheral locations. Some of
these side effects, such as sedation, may be classified as either
desirable or undesirable depending on the clinical circumstances.
The following is a brief summary of these major side effects as
they relate to opioids as a class of drugs.

Central Nervous System
Arousal There are considerable species differences in the CNS
response to opioid analgesics that cannot be attributed to pharma-
cokinetic variations alone. CNS depression (i.e., sedation) is typ-
ically seen in dogs, monkeys, and people, whereas CNS stimula-
tion (i.e., excitement and/or spontaneous locomotor activity) may
be elicited in cats, horses, goats, sheep, pigs, and cows after sys-
temic administration of various opioids, most notably mor-
phine.20 Reasons for these different responses are not entirely
clear at this time, but are presumably related to differing concen-
trations and distributions of µ, �, and � receptors in various re-
gions of the brain in these species.21 Despite these fundamental
differences, it must be remembered that there are numerous fac-
tors that may affect the CNS response to opioids within a given
species, including the temperament or condition of the patient;
the presence or absence of pain; the dose, route, and timing of
drug administration; and the specific opioid administered.

Thermoregulatory Center The hypothalamic thermoregulatory
system is also affected by opioid administration. Hypothermia
tends to be the most common response, particularly when opioids
are used during the perioperative period in the presence of other
CNS-depressant drugs.10,20 Under some clinical circumstances,
however, opioid administration causes hyperthermia in cats,
horses, swine, and ruminants. Part of this increase in body tem-
perature may be attributed to an increase in muscle activity asso-
ciated with CNS excitation in these species; however, a specific
central hypothalamic mechanism has also been implicated, but
remains poorly understood.20 Panting is seen commonly after
opioid administration, most often in dogs, but this effect tends to
decrease with the onset of hypothermia.

Emetic Center Nausea and vomiting associated with opioid ad-
ministration are caused by direct stimulation of the chemorecep-
tor trigger zone for emesis located in the area postrema of the
medulla.10,22 As with the other centrally mediated side effects,
species plays a role in determining an individual’s tendency to
vomit after an opioid is administered. Horses, rabbits, ruminants,
and swine do not vomit with opioid administration. Cats may
vomit, but usually at doses that are greater than those which stim-
ulate vomiting in dogs. Dogs will commonly vomit after opioid
administration, especially with morphine. Emesis is rarely seen
when opioids are administered in the immediate postoperative
period or in any patient that may be experiencing some degree of
pain.

Cough Center Opioids have variable efficacy in depressing the
cough reflex, at least in part by a direct effect on a cough center
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located in the medulla.10 Certain opioids are more effective anti-
tussives than others, and drugs like codeine, hydrocodone, and
butorphanol are occasionally prescribed specifically for this indi-
cation.

Pupillary Diameter As a general rule, opioids tend to produce
mydriasis in those species that exhibit CNS excitation, and mio-
sis in those that become sedated after opioid administra-
tion.20,23–25 Miosis is produced by an excitatory action of opioids
on neuronal firing in the oculomotor nucleus.22,24,25 In cats, and
presumably in other species that exhibit mydriasis, this increase
in activity in the oculomotor nuclear complex still occurs, but the
miotic effect is masked by increased release of catecholamines,
which produces mydriasis.25

Respiratory System
Opioids produce dose-dependent depression of ventilation, pri-
marily mediated by µ2 receptors, leading to a direct depressant
effect on brain-stem respiratory centers.10,22 This effect is char-
acterized by decreased responsiveness of these centers to carbon
dioxide and is reflected in an increased resting arterial carbon
dioxide partial pressure and displacement of the carbon dioxide
response curve to the right. This effect is compounded by the
coadministration of sedative and/or anesthetic agents, meaning
that significant respiratory depression and hypercapnia are much
more likely to occur in anesthetized patients that receive opioids
compared with those that are conscious. It should be noted that,
in general, humans tend to be more sensitive to the respiratory-
depressant effects of opioids when compared with most veteri-
nary species, and the risk of hypoventilation would rarely consti-
tute a legitimate reason for withholding opioid treatment in
clinical practice.

Cardiovascular System
Most opioids have minimal effects on cardiac output, cardiac
rhythm, and arterial blood pressure when clinically relevant anal-
gesic doses are administered. Bradycardia may be caused by opi-
oid-induced medullary vagal stimulation and will respond read-
ily to anticholinergic treatment if warranted. Particular opioids
(morphine and meperidine) can cause histamine release, espe-
cially after rapid intravenous administration, which may lead to
vasodilation and hypotension.20,26 Because of their relatively be-
nign effects on cardiovascular function, opioids commonly form
the basis of anesthetic protocols for patients with preexisting car-
diovascular disease.

Gastrointestinal System
The gastrointestinal effects of the opioids are mediated by µ and
� receptors located in the myenteric plexus of the gastrointestinal
tract.10,20 Opioid administration will often stimulate dogs and,
less frequently, cats to defecate. After this initial response, spasm
of gastrointestinal smooth muscle predisposes patients to ileus
and constipation. Horses and ruminants in particular may be pre-
disposed to gastrointestinal complications associated with opioid
administration, such as colic and ruminal tympany, respectively.
These side effects tend to be most significant with prolonged ad-

ministration of opioids in dogs and cats experiencing chronic
pain, and such patients may require dietary modifications and
stool-softening medications to manage these adverse effects.

In human patients, opioids (most notably fentanyl and mor-
phine) have been shown to increase bile duct pressure through
constriction of the sphincter of Oddi.27 The incidence of this side
effect in people is, however, quite low.28 Despite anatomical dif-
ferences, this observation has led to concerns about opioid ad-
ministration to dogs and cats with pancreatitis and/or cholangitis.
A study reviewing the body of human literature found that, de-
spite widespread clinical practice, there was no evidence to indi-
cate that morphine is contraindicated for use in acute pancreati-
tis.29 As there are no studies that specifically evaluate the effects
of opioids in dogs and cats with pancreatitis, it does not at this
time seem appropriate to withhold this class of drugs from this
subset of severely painful patients.

Genitourinary System
Opioids, particularly when administered neuraxially, may cause
urinary retention through dose-dependent suppression of detrusor
contractility and decreased sensation of urge.30,31 Manual expres-
sion of the urinary bladder or catheterization may be required in
certain individuals until urodynamic function returns to normal.

Urine volume may also be affected by opioids, and the mech-
anism of this effect appears to be multifactorial. µ-Agonists tend
to produce oliguria in the clinical setting, and this is in part a due
to increased antidiuretic hormone release leading to altered renal
tubular function.22,32 Elevations in circulating plasma atrial natri-
uretic peptide may also play a role in morphine-induced antidi-
uresis.32 Conversely, �-agonists tend to produce a diuretic effect,
possibly through inhibition of antidiuretic hormone secretion.22,32

Other peripheral mechanisms involving stimulation of renal 
�2-adrenergic receptors may also contribute to this �-agonist
effect.32

Agonists
Almost all clinically useful opioids exert their analgesic effects
by acting as agonists at µ receptors. Although a few opioids act
as �-agonists, these drugs also tend to have antagonist or partial
agonist effects at µ and/or � receptors and are thus not classified
as pure agonists. Pure or full opioid agonists can elicit maximal
activation of the receptor when they bind it, and the subsequent
downstream processes produce a maximal analgesic effect (Fig.
10.1). Clinically, the full µ-agonists are superior analgesics and
are the drugs of choice for pain of moderate to severe intensity in
many veterinary species (see Table 10.1 for recommended dos-
ages). The following section contains brief descriptions of full 
µ-agonists that are in current clinical use.

Morphine (Morphine Sulfate)
Morphine is the prototypical opioid analgesic and acts as a full
agonist not only at µ receptors, but also at � and � receptors.10

Despite the development of numerous synthetic opioids, many of
which are more potent than morphine and may have other char-
acteristics that make them desirable alternatives to morphine in
certain circumstances, no other drug has been shown to be more
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Fig. 10.1. A lock-and-key analogy is used to illustrate full agonist
drug interactions at opioid receptors, with a relative dose-response
curve for analgesic efficacy shown below. A full opioid agonist (in this
case, morphine) stimulates both µ- and �-receptor types, which pro-
duces increased analgesic effect with increased dose. Modified from
Nicholson and Christie,270 p. 273, with permission from Elsevier.

Table 10.1. Dosage ranges (mg/kg) for opioid agonists in several domestic species 

Opioid Dogs Cats Horses Cattle Swine

Morphine 0.3–2.0 IM, SC 0.05–0.2 IM, SC 0.1–0.3 IM, SC ? 0.5–2.0? IM, SC
0.1–0.5 IV 0.1–0.2 epidurala 0.1–0.2 epidurala

0.1–0.3/h IV CRI
0.1–0.2 epidurala

1.5–3 POb

Oxymorphone 0.05–2.0 IV, IM, SC 0.05–0.1 IV, IM, SC 0.01–0.03 IV, IM, SC NR 0.05–0.2? IM, SC
Hydromorphone 0.05–2.0 IV, IM, SC 0.05–0.1 IV, IM, SC 0.01–0.03 IV, IM, SC NR 0.05–0.2? IM, SC
Meperidine 3–5 IM, SC 3–5 IM, SC 1–3 IM, SC 3–4? IM, SC 1–2? IM, SC

0.2–1.0 IV
Fentanyl 0.002–0.01 IV 0.001–0.005 IV 0.001–0.002/h 0.001–0.002/h NR

0.002–0.03c/h IV CRI 0.002–0.03c/h IV CRI transdermald transdermald

0.001–0.005/h epidurala CRI 0.001–0.005/h epidurala CRI
0.002–0.005/h transdermald 0.002–0.005/h transdermald

Alfentanil ? ? NR NR ?
Sufentanil 0.001–0.005 IV loading dose ? NR NR ?

0.001–0.01c/h IV CRI
Remifentanil 0.004–0.01 IV loading dose ? NR NR ?

0.004–0.06c/h IV CRI
Methadone 0.05–0.2 PO, IM, SC 0.05–0.2 PO, IM, SC NR NR NR
Codeine 1–2 PO 0.1–1.0 PO NR NR NR
Oxycodone 0.1–0.3? PO ? NR NR NR
Hydrocodone ? ? NR NR NR

CRI, continuous-rate infusion; IM, intramuscular(ly); IV, intravenous(ly); NR, not recommended for administration in this species; PO, per os (orally); SC,
subcutaneous(ly); ?, reliable doses have not been established for this species.
aPreservative-free formulations are recommended for epidural administration.
bDoses are for sustained-release product (MS Contin), which should be dosed q 12 h.
cLower IV infusion rates are suitable for management of most types of pain, whereas higher rates will produce profound analgesia suitable for surgery.
dFentanyl transdermal patches are available in 0.025-, 0.05-, 0.075-, or 0.1-mg/h sizes.



efficacious than morphine at relieving pain. Compared with the
synthetic opioid agonists, morphine is relatively hydrophilic and
crosses the blood-brain barrier more slowly than fentanyl or oxy-
morphone, thereby delaying the peak effect somewhat even after
intravenous administration.10,22 Clinically, this lag is not likely to
be significant under most circumstances, with the onset of anal-
gesia occurring reasonably promptly after a single dose of mor-
phine and typically lasting 3 to 4 h.33,34 Morphine’s poor lipid
solubility means that it can produce long-lasting analgesia when
administered into the epidural or subarachnoid space, with ef-
fects persisting for 12 to 24 h. The first-pass effect is significant
after oral administration, and the bioavailability of oral morphine
preparations is only in the range of 25%. If dose adjustments are
made, adequate pain relief can be achieved with oral morphine
administration, and the duration of action tends to be somewhat
longer with this route.

In most species, the primary metabolic pathway for morphine
involves conjugation with glucuronic acid leading to the forma-
tion of two major metabolites: morphine 6-glucuronide and mor-
phine 3-glucuronide.10,35 Despite the low levels of glucuronyl
transferase in cats, the pharmacokinetics of morphine in this
species seem to be broadly comparable to those in dogs and peo-
ple, though clearance rates may be marginally slower.33–35 This
suggests that morphine must undergo a different type of conjuga-
tion reaction in this species. Morphine 6-glucuronide has phar-
macological activities that are indistinguishable from those of
morphine in animal models and in people, whereas morphine 
3-glucuronide appears to have little affinity for opioid receptors,
but may contribute to the excitatory effects of morphine in some
situations.10,36 With chronic morphine administration, it is likely
that the active metabolite, morphine 6-glucuronide, contributes
significantly to clinical analgesia.

Very little morphine is excreted unchanged in the urine. The
major metabolites—morphine 3-glucuronide and, to a lesser ex-
tent, morphine 6-glucuronide—are eliminated almost entirely via
glomerular filtration. In human patients, renal failure may lead to
accumulation of morphine 6-glucuronide and persistent clinical
effects, whereas liver dysfunction seems to have minimal impact
on morphine clearance.10,22

The side effects associated with morphine administration are
typical of most opioid agonists and have been discussed previ-
ously in this chapter. In particular, the increased incidence of
vomiting after morphine administration, as well as its potential to
cause histamine release after intravenous administration, helps to
distinguish morphine from other full opioid agonists.

Clinically, morphine is a useful analgesic in dogs, cats, horses,
and rats. It is often administered to dogs and cats at fixed dosing
intervals via the intramuscular, subcutaneous or, less commonly,
intravenous routes to manage pain associated with a variety of
traumatic injuries and disease processes. Morphine has also been
used extensively throughout the perioperative period in these
species to manage pain associated with surgical procedures. In
dogs and cats, the sparing effect of morphine on both injectable
and inhalant anesthetic requirements can be significant.37,38

Morphine is particularly effective in dogs when administered in-
travenously as a continuous infusion, which facilitates more pre-

cise dose titration to achieve optimal analgesic effects.38,39 Sub-
cutaneous infusions of morphine and other opioids are being em-
ployed in human patients experiencing cancer pain,40–43 and, as
subcutaneous infusion devices are developed that are applicable
to dogs and cats, this route of administration may be accessed by
veterinarians in the future. Administration of the drug into the
epidural or, less commonly, subarachnoid space is a common
analgesic technique employed in both dogs and cats in a variety
of clinical situations.44,45 More recently, the discovery of periph-
eral µ opioid receptors has led to the clinical practice of instilling
morphine locally into inflamed joints46,47 and even topically onto
damaged corneas48 to supplement analgesia in canine patients.

The analgesic benefits of morphine use in horses are less clear-
cut than in dogs and cats. Low doses of morphine can be admin-
istered systemically without adverse side effects and may relieve
pain in conscious horses, though the analgesic response has been
difficult to demonstrate in numerous clinical studies.49 A 2003
study showed that morphine, in the absence of other drugs, actu-
ally increased the minimum alveolar concentration (MAC) of
isoflurane in horses anesthetized in an experimental setting.50

While this finding would appear to discourage routine use of
morphine in the perioperative period, another retrospective study
failed to demonstrate any adverse effects associated with periop-
erative morphine administration in a typical clinical setting in the
presence of other drugs, such as �2-agonists and ketamine.51

Thus, the routine systemic administration of morphine to horses,
especially those undergoing surgery, remains controversial.

Regional administration of morphine to horses, however, is be-
coming increasingly common, and a growing body of evidence
seems to support this practice. Morphine produces significant
analgesia with few adverse side effects when administered epidu-
rally or intra-articularly and is often combined with other anal-
gesic agents, such as �2-agonists and local anesthetics, when ad-
ministered via these routes.49,52,53

Morphine is used infrequently in ruminants and swine in the
clinical setting, and its effects have not been well studied in these
species. It is likely that regional and perhaps even systemic ad-
ministration of morphine may play a role in pain management of
these species in the future.

Oxymorphone (Oxymorphone Hydrochloride
[Numorphan])
Oxymorphone is a synthetic opioid that acts as a full agonist at µ
receptors and is comparable to morphine in its analgesic efficacy
and duration of action. It is a more lipid soluble drug than mor-
phine and is readily absorbed after intramuscular or subcuta-
neous administration. Oxymorphone is not available as an oral
formulation.

When compared with morphine, oxymorphone is less likely to
cause dogs and cats to vomit, and tends to produce more sedation
when administered to these species. Its respiratory-depressant ef-
fects are similar to those induced by morphine, but oxymorphone
seems more likely to cause dogs to pant. It does not produce his-
tamine release, even when administered intravenously.26 Oxy-
morphone’s other side effects are typical of other full µ-agonist
opioids and have been discussed previously.
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Oxymorphone has been used extensively in dogs and cats, and
is most often administered at fixed dosing intervals, either intra-
muscularly, subcutaneously, or intravenously, to manage pain in
a variety of clinical settings. It is also commonly used in the pre-
anesthetic, intraoperative, and postoperative periods in surgical
patients. Oxymorphone has been administered epidurally in
dogs, but its relative lipid solubility means that its analgesic ac-
tion is briefer when administered by this route compared with the
action of morphine.54

Oxymorphone is not commonly administered to horses, rumi-
nants, or swine, and little data exist in these species to make any
therapeutic recommendations.

Hydromorphone (Hydromorphone Hydrochloride
[Dilaudid])
Hydromorphone is a synthetic opioid that acts as a full agonist at
µ receptors and is used in both human and veterinary medicine.
Clinically, hydromorphone and oxymorphone have similar effi-
cacy, potency, duration of analgesic action, and side-effect pro-
files, but hydromorphone remains significantly less expensive.
Like oxymorphone, hydromorphone is not associated with hista-
mine release, so bolus intravenous administration is considered
safe.26

In dogs and cats, hydromorphone can be used in any clinical
situation where oxymorphone is used. Evidence from the human
literature suggests that hydromorphone may be suitable for ad-
ministration via a continuous infusion, either intravenously, sub-
cutaneously, or epidurally,42,55,56 and these routes of administra-
tion may further expand the use of hydromorphone in veterinary
patients in the future. There is little published on the use of hy-
dromorphone in large animal species at this time.

Meperidine (Meperidine Hydrochloride or Pethidine
[Demerol])
Meperidine is a synthetic opioid that exerts its analgesic effects
through agonism at µ receptors. Interestingly, it also appears
able to bind other types of receptors, which may contribute to
some of its clinical effects other than analgesia. Meperidine can
block sodium channels and inhibit activity in dorsal horn neu-
rons in a manner analogous to local anesthetics.57,58 Meperidine
also exerts agonist activity at �2 receptors, specifically the �2B
subtype, suggesting that it may possess some �2-agonist-like
properties.59,60

Meperidine has a shorter analgesic action compared with mor-
phine, oxymorphone, or hydromorphone, typically not extending
beyond 1 h.20 Metabolic pathways vary among different species,
but, in general, most of the drug is demethylated to normeperidine
in the liver and then undergoes further hydrolysis and ultimately
renal excretion.20,34,61 Normeperidine is an active metabolite and
has approximately one-half the analgesic efficacy of meperi-
dine.10,20 Normeperidine has produced toxic neurological side ef-
fects in human patients receiving meperidine for prolonged peri-
ods, especially in the presence of impaired renal function.22,62

Unlike most of the other opioids in clinical use, meperidine
has been shown to produce significant negative inotropic effects
when administered alone to conscious dogs.63 Because of its

modest atropine-like effects, meperidine tends to increase heart
rate rather than predispose patients to bradycardia, as is often
seen with other opioids.20,22 The clinical significance of these
cardiovascular effects in the perianesthetic period has never been
clearly ascertained. Like morphine, meperidine also causes hista-
mine release when administered intravenously.20

A rare, but life-threatening, drug interaction that may have rel-
evance in veterinary medicine has been reported in human pa-
tients receiving meperidine. The combination of meperidine (and
perhaps other opioids) with a monoamine oxidase inhibitor may
lead to serotonin syndrome, which is characterized by a constel-
lation of symptoms, including confusion, fever, shivering, di-
aphoresis, ataxia, hyperreflexia, myoclonus, and diarrhea.64–67 A
monoamine oxidase inhibitor, selegiline (Deprenyl), has been
used in canine patients to treat pituitary-dependent hyperadreno-
corticism or to modify behavior in patients with canine cognitive
dysfunction. Though there have not, to date, been any scientific
studies of adverse meperidine-selegiline interactions in dogs,
veterinarians must be aware of the potential for complications if
analgesia is required in patients receiving monoamine oxidase
inhibitors. A recent study that evaluated the effects of other opi-
oids (oxymorphone and butorphanol) in selegiline-treated dogs
did not identify any specific adverse drug interactions in these
animals.68

Clinically, meperidine has been used primarily in dogs and
cats during the preanesthetic period, often in combination with
sedatives or tranquilizers. In patients undergoing surgery, admin-
istration of another full µ-agonist opioid with a longer duration of
action is recommended for use postoperatively. Meperidine ap-
pears to offer few, if any, advantages over other opioids, such as
oxymorphone or hydromorphone, in these species during the pe-
rioperative period.

Meperidine is not commonly used in large animals, but may,
like morphine, produce useful analgesic effects when adminis-
tered into the epidural space in these species.69 Because of its
local anesthetic-like effects, caudal epidural meperidine may
offer advantages over other epidural opioids when perineal anal-
gesia is specifically indicated.

Fentanyl (Fentanyl Citrate [Sublimaze])
Fentanyl is a highly lipid soluble, short-acting synthetic µ opioid
agonist. A single dose of fentanyl administered intravenously has
a more rapid onset and a much briefer action than morphine.
Peak analgesic effects occur in about 5 min and last approxi-
mately 30 min.10,22 Rapid redistribution of the drug to inactive
tissue sites, such as fat and skeletal muscle, leads to a decrease in
plasma concentration and is responsible for the prompt termina-
tion of clinical effects. In most veterinary species, the elimination
half-life after a single bolus or a brief infusion is in the range of
2 to 3 h.70–72 Administration of very large doses or prolonged in-
fusions may cause saturation of inactive tissues, with termination
of clinical effects becoming dependent on hepatic metabolism
and renal excretion.10,22 Thus, the context-sensitive half-life of
fentanyl increases significantly with the duration of the infusion,
and clinical effects may persist for an extended period following
termination of a long-term intravenous infusion.
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Side effects associated with fentanyl administration are simi-
lar to those of the other full µ-agonist opioids. In general, cardio-
vascular stability is excellent with fentanyl, and intravenous ad-
ministration is not associated with histamine release.10,22

Bradycardia may be significant with bolus doses, but readily re-
sponds to anticholinergics if treatment is warranted.10,20 In
human patients, muscle rigidity, especially of the chest wall, has
been noted after administration of fentanyl or one of its con-
geners.65,73,74 The potential significance of this adverse effect in
animal patients is not clear at this time, and the risk is considered
minimal if large, rapid bolus administrations are avoided.

Clinically, fentanyl is used most frequently in dogs and cats,
but is also a potentially useful analgesic in other species, includ-
ing horses, cows, sheep, goats, and pigs. Historically, fentanyl
was available in combination with the butyrophenone tranquil-
izer, droperidol, in a product called Innovar-Vet, which was typ-
ically administered in the preanesthetic period to provide seda-
tion and analgesia. This product is no longer available, and
systemic administration of fentanyl today is usually via the intra-
venous route.

Because of its shorter action, fentanyl is typically administered
as a continuous infusion to provide analgesia. Intravenous fen-
tanyl can be infused at relatively low doses to supplement anal-
gesia intraoperatively and/or postoperatively in dogs and cats. It
is also useful for management of nonsurgical pain, such as that
associated with pancreatitis. Alternatively, larger doses can be
administered, often in combination with a benzodiazepine like
midazolam, to induce general anesthesia in canine patients with
cardiovascular or hemodynamic instability. Similarly, higher in-
fusion rates of fentanyl can be used as the primary anesthetic
agent for surgical maintenance in patients who will not tolerate
significant concentrations of volatile inhalant anesthetics.75–77 In
the clinical setting, there are few reports of intravenous fentanyl
administration in large animal species, though fentanyl infusions
have been employed in a variety of surgical animal research
models involving calves, sheep, and pigs.78,79

In addition to intravenous administration, fentanyl may be de-
posited into the epidural space to produce analgesia. Because of
its high lipid solubility, epidural fentanyl, unlike morphine, is
rapidly absorbed into the systemic circulation. Consequently, the
clinical effects associated with a single bolus of epidural fentanyl
resemble those of an intravenous injection. However, the benefits
of neuraxial administration can be achieved by administering
epidural fentanyl as a continuous infusion through an indwelling
epidural catheter, often in combination with other analgesic
agents. This technique is typically used in canine patients for
management of severe acute pain, but it may have additional ap-
plications for the management of chronic pain as well.

The development of novel, less invasive, routes of opioid ad-
ministration for use in human patients led to the marketing of
transdermal fentanyl patches (Duragesic). The patches are de-
signed to release a constant amount of fentanyl per hour that is
then absorbed across the skin and taken up systemically.
Fentanyl patches are designed for human skin and human body
temperature, but their use has been evaluated in a number of vet-
erinary species.70,72,80–86 Though transdermal fentanyl appears

to be an effective means of providing analgesia in a number of
clinical settings, substantial variations in plasma drug concentra-
tions have been documented, and significant lag times after patch
placement are common prior to onset of analgesia.70,71,83,84

Furthermore, changes in body temperature have been shown to
affect fentanyl absorption significantly in anesthetized cats,87

and it is likely that other factors associated with skin preparation
and patch placement have the potential to alter plasma fentanyl
levels and analgesic efficacy substantially. Two recent studies
evaluating the efficacy of pluronic lecithin organogel (PLO gel)
delivery of fentanyl through skin in dogs and cats concluded that
this method of administration did not result in measurable
plasma concentrations and thus could not be justified as an effec-
tive means of systemic administration.88,89

Alfentanil, Sufentanil, and Remifentanil (Alfenta, Sufenta,
and Ultiva)
Alfentanil, sufentanil, and remifentanil are all structural analogs
of fentanyl that were developed for use in human patients in an
effort to create analgesics with a more rapid onset of action and
predictable termination of opioid effects. All three are similar
with regard to onset, and all have context-sensitive half-lives that
are shorter than that of fentanyl after prolonged infusions.22

Remifentanil is unique among opioids because it is metabolized
by nonspecific plasma esterases to inactive metabolites.90,91

Thus, hepatic or renal dysfunction will have little impact on drug
clearance, and this, in combination with the robust nature of the
esterase metabolic system, contributes to the predictability asso-
ciated with remifentanil infusion.10,22

All three of these drugs are used during general anesthesia for
procedures requiring intense analgesia and/or blunting of the
sympathetic nervous system response to noxious stimulation. As
yet, they have limited applications for postoperative or chronic
pain management. Like fentanyl, they can be administered at rel-
atively low infusion rates as adjuncts to general anesthetic proto-
cols based on volatile inhalant or other injectable agents, or they
can be administered at higher rates as primary agents for total in-
travenous anesthesia. The minimum alveolar-sparing properties
of these agents have been demonstrated in both dogs91,92 and
cats.77,93,94 In horses, systemic infusions of alfentanil did not
have significant effects on MACs of inhalant anesthetics and,
when administered to conscious horses, were associated with in-
creases in locomotor activity.95–97 There is little evidence to sug-
gest that any of the fentanyl analogs offer advantages over mor-
phine when administered into the epidural space for analgesia.52

Methadone (Methadone Hydrochloride [Dolorphine])
Methadone is a synthetic µ opioid agonist with pharmacological
properties qualitatively similar to those of morphine, but possess-
ing additional affinity for N-methyl-D-aspartate (NMDA) recep-
tors.98,99 Methadone’s unique clinical characteristics include ex-
cellent absorption after oral administration, no known active
metabolites, high potency, and an extended duration of ac-
tion.10,20,99 In human patients, the drug has been used primarily
in the treatment of opioid-abstinence syndromes, but is being
used increasingly for the management of chronic pain. Though
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there are reports of intramuscular or intravenous administration
of methadone in the perioperative period in dogs, cats, and
horses,100–102 the drug is not commonly used in this setting in
North America at this time. Additional studies may identify a role
for oral methadone in the management of chronic pain syn-
dromes in veterinary patients.

Codeine (Codeine Phosphate)
Codeine is the result of substitution of a methyl group onto mor-
phine, which acts to limit first-pass hepatic metabolism and ac-
counts for codeine’s high oral bioavailability.10,22 Codeine is
well known for its excellent antitussive properties and is often
combined in an oral formulation with a nonopioid analgesic,
such as acetaminophen, for the management of mild to moderate
pain in human patients. Codeine, alone or in combination with
acetaminophen (Tylenol 3), has been used in dogs for the man-
agement of mild pain on an outpatient basis.

Oxycodone and Hydrocodone (Oxycodone Hydrochloride
and Hydrocodone Bitartrate)
Oxycodone and hydrocodone are opioids that are typically ad-
ministered orally for the treatment of pain in human patients.
Though oxycodone is available as a single-drug continuous-
release formulation (Oxycontin), these drugs are most often pre-
pared in combination with nonopioid analgesics, such as aspirin
and acetaminophen (e.g., Percocet, Percodan, Lorcet, and Vico-
dan). Little has been published regarding the use of these opioids
in veterinary patients, and thus specific recommendations regard-
ing their use cannot be made at this time.

Etorphine and Carfentanil (M-99 and Wildnil)
These two opioids are discussed together because they are both
used exclusively for the restraint and capture of wild animals
rather than as analgesic agents. They are extremely potent opi-
oids, and the immediate availability of a suitable antagonist is
mandatory before these drugs are to be used, not only to reverse
drug effects in animal patients, but also as a safety precaution in
the event of accidental human injection. Though etorphine and
carfentanil are most often injected intramuscularly (usually using
a remote drug-delivery technique), studies suggest that carfentanil
is useful when administered orally in a variety of species.103–106

A number of different drugs have been used in combination with
etorphine or carfentanil to enhance muscle relaxation, including
acepromazine, xylazine, and medetomidine.107–110 For more de-
tailed information on the use of these agents for immobilization of
free-ranging wildlife, readers are referred to Chapters 12, 31, and
32 in this text.

Agonist-Antagonists and Partial Agonists
This group includes drugs that have varying opioid
receptor–binding profiles, but that have one thing in common:
They all occupy µ opioid receptors, but do not initiate a maximal
clinical response. Drugs such as butorphanol and nalbuphine are
classified as agonist-antagonists. They are competitive µ-receptor
antagonists, but exert their analgesic actions by acting as agonists
at � receptors (Fig. 10.2). Buprenorphine, on the other hand, is

classified as a partial agonist and binds µ receptors, but produces
only a limited clinical effect (Fig. 10.3). These mixed agonist-
antagonist drugs were developed for the human market in an at-
tempt to create analgesics with less respiratory depression and
addictive potential. Because of their opioid receptor–binding
affinities, the side effects associated with these drugs demon-
strate a so-called ceiling effect, whereby increasing doses do not
produce additional adverse responses. Unfortunately, the benefits
of this ceiling effect on ventilatory depression come at the ex-
pense of limited analgesic efficacy and only a modest ability to
decrease anesthetic requirements.

The coadministration of opioids with differing receptor-
binding profiles is currently an active area of research that de-
serves further attention. The interactions in this setting are com-
plex, and opioid coadministration appears to have the potential to
produce additive, synergistic, or antagonistic analgesic effects,
depending on the particular species, dosage, drugs, and pain
model being evaluated. The following section contains brief de-
scriptions of opioid agonist-antagonists and partial agonists that
are currently in clinical use (see Table 10.2 for recommended
dosages).

Butorphanol (Butorphanol Tartrate [Torbugesic])
Butorphanol is a synthetic agonist-antagonist opioid and has
been used extensively in a wide variety of veterinary species. The
drug was originally labeled as an antitussive agent in dogs and,
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Fig. 10.2. A lock-and-key analogy is used to illustrate agonist-
antagonist drug interactions at opioid receptors, with a relative dose-
response curve for analgesic efficacy shown below. An agonist-
antagonist opioid (in this case, butorphanol) has agonist activity at �
receptors and antagonist activity at µ receptors. In the presence of a
full µ-agonist, these opioids tend to have antagonistic effects and will
increase the dose of full agonist required to achieve maximal anal-
gesic effect. Modified from Nicholson and Christie,270 p. 273, with
permission from Elsevier.



even now, is approved as an analgesic in cats and horses only.20

Butorphanol exerts its relevant clinical effects through its inter-
actions at � receptors and acts as an antagonist at µ receptors. The
duration of butorphanol’s analgesic effects remains somewhat
debatable and likely varies with species, type and intensity of
pain, dosage, and route of administration.111–113 In general, its
effects are shorter-lived than those of morphine and are probably
in the range of 1 to 3 h. Butorphanol is typically administered via

the intramuscular, subcutaneous, or intravenous route, though an
oral formulation is available and is occasionally prescribed for
outpatient analgesia in dogs.

Butorphanol does not induce histamine release when adminis-
tered intravenously and has minimal effects on cardiopulmonary
function. There is conflicting evidence regarding the effects of
butorphanol on inhalant anesthetic requirements in the dogs, cats,
and horses. Earlier studies failed to demonstrate a significant
sparing effect on MAC when butorphanol was coadministered
with halothane in dogs and ponies.114–116 More recently, isoflu-
rane MAC reductions have been documented after administration
of clinically relevant doses of butorphanol in both dogs and
cats.37,117 Reasons for these discrepancies are probably related to
differences in study techniques, and, in dogs and cats specifi-
cally, it seems that butorphanol can induce at least modest reduc-
tions in inhalant anesthetic requirements.

When administered alone to healthy dogs and cats, butor-
phanol produces minimal sedation only. However, the drug is
commonly used in combination with a variety of sedatives and
tranquilizers, such as acepromazine, medetomidine, or midazo-
lam, to produce sedation and analgesia for minimally invasive
procedures.118 It is also used during the preanesthetic and post-
operative periods to provide analgesia for surgical procedures as-
sociated with mild to moderate pain.85,119,120 Butorphanol does
not appear to be an effective monoanalgesic for moderate to se-
vere pain in these species, especially when pain is orthopedic in
origin.121–123

Butorphanol, which is the opioid most commonly used in
horses, is almost always coadministered with an �2-agonist or,
occasionally, acepromazine. It is administered intravenously for
a variety of standing procedures or prior to induction of general
anesthesia. Butorphanol has been shown to be an effective,
though short-lived, analgesic for visceral pain in this species, but
the �2-agonists still seem to be superior for treatment of this type
of pain in horses.124,125 One study has documented the safety and
apparent efficacy of a continuous intravenous infusion of butor-
phanol that maintained therapeutic plasma levels of drug while
minimizing the potential for adverse gastrointestinal and behav-
ioral effects.113 Butorphanol has not been shown to be particu-
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Fig. 10.3. A lock-and-key analogy is used to illustrate partial ago-
nist drug interactions at opioid receptors, with a relative dose-
response curve for analgesic efficacy shown below. A partial opioid
agonist (in this case, buprenorphine) weakly stimulates µ receptors,
which produces a reduced maximal analgesic effect compared with a
full agonist. A large dose of partial agonist will block the receptor ac-
tions of a full agonist, moving its dose-response curve to the right and
depressing its maximal analgesic effect. Modified from Nicholson and
Christie,270 p. 273, with permission from Elsevier.

Table 10.2. Dosage ranges (mg/kg) for opioid agonist-antagonists and partial agonists in several domestic species

Opioid Dogs Cats Horses Cattle Swine

Butorphanol 0.1–0.4 IV, IM, SC 0.1–0.8 IV, IM, SC 0.02–0.04 IV, IM, SC 0.01–0.04 IV, IM, SC 0.1–0.5 IV, IM, SC
0.5–2.0 POa 0.5–1.0 POa 0.02–0.04/h IV CRI

0.04 epidural
Nalbuphine 0.3–0.5 IM, SC 0.2–0.4 IM, SC ? ? ?

0.1–0.3 IV 0.1–0.2 IV
Pentazocine 1–3 IV, IM, SC 1–3 IV, IM, SC 0.1–1.0 IV, IM, SC ? ?
Buprenorphine 0.005–0.02 IV, IM, SC 0.005–0.02 IV, IM, SC 0.005–0.01 IV, IM, SC 0.005–0.01 IV, IM, SC 0.01–0.1 IV, IM, SC

0.01–0.02 POb

CRI, continuous-rate infusion; IM, intramuscularly; IV, intravenously; PO, per os (orally); SC, subcutaneously; ?, reliable doses have not been established for
this species.
aButorphanol’s oral bioavailability remains uncertain.
bBuprenorphine injectable solution has been shown to be effective when administered to the buccal mucosa in cats.



larly effective when administered into the caudal epidural space
in horses, and other opioids, such as morphine, produce superior
analgesia when given by this route.52,126

Butorphanol is occasionally administered to cattle, sheep,
goats, and pigs to provide analgesia, but there is limited informa-
tion in the literature on its analgesic efficacy in these species. The
combination of butorphanol with xylazine or detomidine appears
to enhance and prolong the sedation induced by the �2-agonist.
Additional studies evaluating the analgesic potential of butor-
phanol and other opioids in these species are certainly warranted.

Traditionally, it was thought that the simultaneous or sequen-
tial administration of butorphanol with a pure µ opioid agonist
such as morphine or hydromorphone would be counterproductive
from an analgesic standpoint because butorphanol’s ability to an-
tagonize µ receptors could inhibit or even reverse the effects of
the agonist drug. Certainly, it has been clearly demonstrated that
excessive sedation associated with a pure µ-agonist can be par-
tially reversed by the administration of low doses of butorphanol,
and it was presumed that butorphanol would similarly reverse the
µ-mediated analgesic effects, as well. It would now appear that
the potential interactions between butorphanol and full µ opioid
agonists are more complex than originally believed. One study
demonstrated that coadministration of butorphanol and oxymor-
phone to cats subjected to a visceral noxious stimulus enhanced
analgesic effects.127 A more recent feline study, however, which
evaluated the combination of butorphanol and hydromorphone in
a thermal threshold-pain model, failed to demonstrate enhanced
analgesia and suggested that butorphanol actually did inhibit hy-
dromorphone’s analgesic effects.128

These contradictory findings illustrate that we still have much
to learn about coadministration of opioid agents with differing
receptor-binding profiles, and the clinical effects produced by
such coadministration likely depend on many factors, including
species, type of pain, dose, and the specific drugs involved.

Nalbuphine and Pentazocine (Nalbuphine Hydrochloride
[Nubain] and Pentazocine Hydrochloride [Talwin])
Nalbuphine and pentazocine are classified as agonist-antagonist
opioids and are clinically similar to butorphanol. They induce
mild analgesia accompanied by minimal sedation, respiratory de-
pression, or adverse cardiovascular effects. In human patients,
nalbuphine is used more commonly than butorphanol, whereas, in
veterinary medicine, butorphanol is used far more frequently. In
the past, pentazocine was used in equine patients for management
of colic pain, but it has largely been replaced by the �2-agonists
(xylazine and detomidine), nonsteroidal anti-inflammatories (flu-
nixin meglumine), and butorphanol. Like butorphanol, nalbu-
phine is occasionally used to partially reverse the effects of a full
µ-agonist opioid while maintaining some residual analgesia.

Buprenorphine (Buprenex [Temgesic])
Buprenorphine is a semisynthetic, highly lipophilic opioid de-
rived from thebaine. Unlike other opioids in this category, bupre-
norphine is considered to be a partial agonist at µ opioid recep-
tors. The drug binds avidly to, and dissociates slowly from, µ
receptors, but cannot elicit a maximal clinical response. Because

of its receptor-binding characteristics, buprenorphine has a de-
layed onset of action and takes at least 1 h to attain peak effect
after intramuscular administration. It also has a relatively long
action, with clinical analgesic effects persisting for 6 to 12 h in
most species. Also, its high affinity for the µ receptor means that
it may be difficult to antagonize its effects with a drug such as
naloxone. Buprenorphine has most often been administered in-
travenously or intramuscularly; however, because of the long lag
time before clinical effects are achieved after intramuscular ad-
ministration, the intravenous route is preferred. A recent study
has documented comparable plasma drug levels and analgesic ef-
ficacy with oral transmucosal administration in cats.129 This
route seems to be well tolerated by feline patients and is becom-
ing increasingly popular in clinical practice. A transdermal bu-
prenorphine patch (Transtec) is now commercially available and
currently being evaluated in cats.

In dogs and cats, buprenorphine is used most often in the post-
operative period to manage pain of mild to moderate inten-
sity.130–132 As with the other opioids in this category, buprenor-
phine may not be adequate for management of severe pain such
as that associated with thoracotomies or invasive orthopedic pro-
cedures.133 The drug is a popular analgesic in laboratory-animal
species because it can be formulated with a variety of foodstuffs
and given orally to rodents.

In horses, buprenorphine is occasionally administered in combi-
nation with an �2-agonist to enhance and prolong sedation and
analgesia.134 There is little information published on the use of
buprenorphine in cattle, and, though the drug is commonly used as
an analgesic agent in research laboratories in sheep and swine, few
reports actually evaluate its analgesic efficacy in these species.

Antagonists
These drugs have high affinities for the opioid receptors and can
displace opioid agonists from µ and � receptors. After this dis-
placement, the pure antagonists bind to and occupy opioid recep-
tors, but do not activate them (Fig. 10.4). Under ordinary circum-
stances, in patients that have not received exogenous agonist
opioids, the opioid antagonists have few clinical effects when ad-
ministered at clinically relevant dosages.10 It is important to rec-
ognize that these drugs will rapidly reverse all opioid-induced
clinical effects, including analgesia (see Table 10.3 for recom-
mended dosages). Therefore, use of pure opioid antagonists
should be reserved for emergency situations such as opioid over-
dose or profound respiratory depression. Their routine use for re-
versal of excessive sedation in patients experiencing prolonged
anesthetic recoveries or in patients that develop bradycardia sec-
ondary to opioid administration is inappropriate and may cause
the development of intense acute pain and activation of the sym-
pathetic nervous system.

Naloxone (Naloxone Hydrochloride [Narcan])
The use of this pure opioid antagonist can reverse all opioid ag-
onist effects, producing increased alertness, responsiveness, co-
ordination and, potentially, increased perception of pain.
Naloxone’s effects are shorter than that of many of the opioid ag-
onists, with recommended intravenous doses lasting between 30
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and 60 min. Consequently, animals need to be closely monitored
for renarcotization after a dose of naloxone. Occasionally, excite-
ment or anxiety may be seen after naloxone reversal of an opioid
agonist. Premature ventricular contractions have also been docu-
mented after reversal, but are not common and seem to be more
likely if there are high levels of circulating catecholamines. This
drug is sometimes administered sublingually to neonatal patients
exhibiting respiratory depression that have been delivered by ce-
sarean section after maternal administration of an opioid agonist.

Naloxone has also been shown in animal models and human
patients to produce a dose-related improvement in myocardial
contractility and mean arterial blood pressure during shock.135–137

Further studies are needed to clarify the role of the endogenous
opioid system in the pathophysiology of various forms of shock.

Nalmefene and Naltrexone (Revex and Trexonil)
Both of these drugs are pure opioid antagonists with clinical ef-
fects that last approximately twice as long as those of nalox-
one.138 Though little is published about the use of these drugs in
veterinary patients, they may be advantageous in preventing re-
narcotization when used to antagonize the effects of a long-
acting opioid.

Nonsteroidal Anti-inflammatories
The nonsteroidal anti-inflammatory drugs (NSAIDs) relieve mild
to moderately severe pain, with efficacy dependent on the particu-
lar NSAID administered. This class of analgesics dates back thou-
sands of years, with the salicylates being among the oldest and still
most commonly used analgesics.139 Salicylate is a naturally occur-
ring substance found in willow bark and, prior to production of the
synthetic compound, was used for centuries to manage pain asso-
ciated with rheumatism. In 1878, Felix Hoffman, working at Bayer
in Germany, made the acetylated form of salicylic acid that has
come to be known as aspirin.139 Although aspirin (acetylsalicylic
acid or ASA) has been found to be effective in the management of
acute and chronic mild discomfort, the newer injectable NSAIDs
appear to have comparable efficacy to the pure µ-agonist opioids in
controlling moderate to severe soft tissue and orthopedic pain. The
NSAIDs appear to confer synergism when used in combination
with opioids and may demonstrate an opioid-sparing effect should
lower dosages of opioid be required. Their extended duration of
action, in addition to their analgesic efficacy, make the NSAIDs
ideal for treating acute and chronic pain in veterinary patients.
Careful patient and drug selection is critical, however, because of
their potential for harmful side effects.

Cyclooxygenases and Prostaglandin Synthesis
In 1971, Vane discovered the mechanism by which aspirin exerts
its anti-inflammatory, analgesic, and antipyretic actions. He
proved that aspirin and other NSAIDs inhibited the activity of a
cyclooxygenase (COX) enzyme that produced prostaglandins
(PGs) involved in the pathogenesis of inflammation, swelling,
pain, and fever.140 Twenty years later, a second COX enzyme was
discovered and, more recently, a newly identified COX-3 has been
identified.141–143 Cyclooxygenase (previously termed prostaglan-
din synthase) oxidizes arachidonic acid (previously termed eico-
satetraenoic acid) to various eicosanoids (including PGs and
other related compounds) (Fig. 10.5).144 Oxidation of arachidonic
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Fig. 10.4. A lock-and-key analogy is used to illustrate pure antago-
nist drug interactions at opioid receptors, with a relative dose-
response curve for analgesic efficacy shown below. A pure opioid an-
tagonist (in this case, naloxone) blocks both µ- and �-receptor types,
but has no intrinsic activity at these receptors. Receptor binding is
competitive, so more agonist is required in the presence of antago-
nist to produce a maximal analgesic effect. Modified from Nicholson
and Christie,270 p. 273, with permission from Elsevier.

Table 10.3. Dosage ranges (mg/kg) for opioid antagonists in several domestic species 

Opioid Dogs Cats Horses Cattle Swine

Naloxone 0.002–0.02 IV 0.002–0.02 IV 0.002–0.02 IV a a

Nalmefene 0.025–0.03? IV 0.025–0.03? IV ? ? ?
Naltrexone 0.0025–0.003? IV 0.0025–0.003? IV ? ? ?

IV, intravenously; ?, reliable doses have not been established for this species.
aDoses have not been specifically reported for these species; however, 0.01 mg/kg IV is probably appropriate



acid by 5-lipoxygenase (5-LOX), the most biologically important
of the mammalian oxygenases, produces the series of eicosanoids
termed leukotrienes (Fig. 10.5). The release of arachidonic acid
from membrane phospholipid is catalyzed by the enzyme phos-
pholipase A2 and is the rate-limiting step in PG and leukotriene
synthesis. Prostaglandin G2 is the initial prostenoid formed, fol-
lowed by prostaglandin H2, which serves as a substrate for
prostaglandin E synthetase, prostaglandin D isomerase, pros-
taglandin F reductase, prostacyclin synthetase, and thromboxane
synthetase for conversion to a variety of other prostenoids ubiqui-
tous throughout cells and tissues in the body.144 These include the
PGs PGE2, PGD2, PGF2, and PGI2 (prostacyclin), and the throm-
boxanes TXA2 and TXB2, all with diverse functions.145 The PGs
are not stored, but are synthesized at a constant rate. They have

short half-lives of 4 to 6 min at 37°C and act locally at the site of
production.

The PGs produced by both COX-1 and COX-2 are ubiquitous
throughout the body and serve to facilitate many physiological
functions during both health and illness. Consequently, the clini-
cal use of NSAIDs has the potential to disrupt these functions,
with the possibility of significant organ dysfunction. Thus, in ad-
dition to their role as analgesics, the effects of NSAIDs on the
constitutive functions of the PGs must always be considered.
There are several key points to note: (a) COX-1 generates PGs
that are responsible for mucosal defense (i.e., secretion of bicar-
bonate and mucus, mucosal blood vessel attenuation of constric-
tion, and mucosal epithelial regeneration), as well as TXA2,
which is necessary for platelet function; (b) COX-2 produces
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Fig. 10.5. The arachidonic acid cascade: eicosanoid synthesis. 5-HETE, 5-hydroxy-6,8,11,14-eicosatetraenoic acid; and 5-HPETE, 
5-hydroperoxy-6,8,11,14-eicosatetraenoic acid.



PGs that function in the prevention and promotion of healing of
mucosal erosions, and exert anti-inflammatory effects by inhibit-
ing leukocyte adherence, as well as play a role in renal protection
and maturation;145 and (c) COX-3 produces PGs that exert a pro-
tective function by initiating fever.143

Thus, depending on the NSAID selected, primary plug forma-
tion of platelets, modulation of vascular tone in the kidney and
gastric mucosa, cytoprotective functions within the gastric mu-
cosa, smooth muscle contraction, and regulation of body temper-
ature will all be affected.145 In this regard, however, not all
NSAIDs are created equal. As already noted, the COX-1, COX-2,
and COX-3 enzymes make variable contributions to these func-
tions, and individual NSAIDs inhibit each of these enzymes dif-
ferently. Some NSAIDs inhibit both COX-1 and COX-2 (i.e., as-
pirin, phenylbutazone, ketoprofen [Anafen], ketorolac [Toradol],
and flunixin meglumine [Banamine]); other NSAIDs preferen-
tially inhibit COX-2 with only weak inhibition of COX-1 (i.e.,
meloxicam [Metacam], carprofen [Rimadyl], etodolac [Eto-
gesic], vedaprofen [Quadrisol-5], and tolfenamic acid [Tol-
fedine]); and others inhibit COX-2 exclusively (i.e., deracoxib
[Deramaxx] and firocoxib [Previcox]); whereas still another
drug, acetaminophen, only weakly inhibits both COX-1 and
COX-2 while inhibiting COX-3 activity preferentially.141

Several in vitro studies investigating NSAID selective inhibi-
tion of the COX-1 and COX-2 isoenzymes have been published,
but their findings are very difficult to interpret because of incon-
sistencies in the assays used.146 Clinically, this information is
confusing because it does not consider the pharmacokinetics of
particular drugs and their concentrations in various tissues.147

Most NSAIDs that inhibit COX have been shown to result in di-
version of arachidonate to the 5-LOX pathway. The 5-LOX is
principally found in polymorphonuclear cells, mast cells, mono-
cytes, basophils, and B lymphocytes that are recruited during in-
flammatory and immune reactions.147 This enzyme catalyzes the
initial step in leukotriene biosynthesis, which subsequently pro-
duces various eicosanoids, with leukotriene B4 (LTB4) being the
most notable potent mediator of inflammation. The excessive
production of leukotrienes has been implicated in the creation of
NSAID-induced ulcers.148,149 As always, however, the biological
system is not clear-cut. Although the LOX pathway is proinflam-
matory, there is also an anti-inflammatory pathway,150 which is
discussed in more detail later.

The contribution of the leukotrienes to the inflammatory
process would seem to suggest that inhibition of both the COX
and 5-LOX pathways by a therapeutic agent would enhance the
safety profile and may confer even greater analgesic efficacy be-
cause of broader anti-inflammatory and antinociceptive ef-
fects.151 Data available show that dual acting compounds are ef-
fective in arthritic models, where they also retain antithrombotic
activity, produce little or no gastrointestinal damage, and do not
adversely affect the asthmatic state.147 A dual COX–5-LOX in-
hibitor (tepoxalin [Zubrin]) has undergone clinical trials and is
now approved for veterinary use.151,152 Tepoxalin has demon-
strated gastrointestinal anti-inflammatory activity in mice,153

which supports the theory that 5-LOX inhibition can play a vital
role in preventing NSAID-induced gastric inflammation.

Mechanisms of Analgesia
Prostaglandins, notably PGE2 and prostacyclin, are potent medi-
ators of inflammation and pain. These molecules exert hyperal-
gesic effects and enhance nociception produced by other media-
tors, such as bradykinin. The NSAIDs’ analgesic mechanism of
action is through inhibition of COX-1, COX-2, and COX-3 activ-
ity, with subsequent prevention of PG synthesis.

The antinociceptive effects of the NSAIDs are exerted both pe-
ripherally and centrally.154 The NSAIDS penetrate inflamed tis-
sues, where they have a local effect, which makes them excellent
analgesic choices for treatment of injuries with associated in-
flammation, as well as conditions such as synovitis, arthritis, cys-
titis, and dermatitis.154 The central action is at both the spinal and
the supraspinal levels, with contributions from both COX-1 and
COX-2.154–158 This central effect may account for the overall
well-being and improved appetite that are often observed in pa-
tients receiving parenterally administered NSAIDs for relief of
acute pain.

The rational use of NSAIDs as analgesics should be based on
an understanding of pain physiology and pathophysiology.
Nociceptive pathways may involve either the COX-1 or COX-2
gene, and these genes are expressed in different locations and
under different circumstances. The COX-2 isoenzyme, which is
known as the inducible isoform because it is upregulated in in-
flammatory states, is known to play a key role in nociception.
Although the COX-1 gene has traditionally been thought of as
being expressed constitutively, this isoenzyme also plays an inte-
gral role in the pain experience.142 The COX-1-selective
NSAIDs are superior to COX-2-selective NSAIDs at inhibiting
visceronociception caused by chemical pain stimulators in a
mouse peritoneal model.159 This has been confirmed by vis-
ceronociception being greatly reduced in COX-1, but not COX-
2, knockout mice.160 These studies concluded that peripheral
COX-1 mediates nociception in slowly developing pain in mice,
such as in visceral pain, and that central COX-1 may be involved
in rapidly transmitted, nonvisceral pain, such as that caused by
thermal stimulation.160 Visceral pain may be mediated, at least in
part, by stimulation of intraperitoneal receptors located on sen-
sory fibers by COX-1-produced prostacyclin.143 There may even
be gender differences as in Ballou’s mouse model, which demon-
strated that spinal COX-2 did in fact contribute to visceral noci-
ception, but only in female mice.160 The analgesic potency of a
range of NSAIDs in relieving tooth-extraction pain in human pa-
tients correlates closely with increasing selectivity toward COX-
1 rather than COX-2. These findings highlight the importance of
both COX-1 and COX-2 contributions to pain and the selective
efficacy of the NSAIDs in treating various painful conditions and
syndromes.

The COX-2 or inducible isoenzyme can increase by 20-fold
over baseline in the presence of tissue injury and inflamma-
tion.155 Proinflammatory cytokines and mitogens, such as inter-
leukin 1� (IL-1�), interferon �, and tumor necrosis factor �

(TNF-�), induce COX-2 expression in macrophages, as can
platelet-activating factor and PGE2.147 These events may also
occur in chondrocytes, osteoblasts, and synovial microvessel en-
dothelial cells. Higher COX levels increase prostenoid produc-
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tion where these compounds serve as amplifiers of nociceptive
input and transmission in both the peripheral and central nervous
systems.155 The COX-2-selective NSAIDs have been shown to
be clinically useful in managing inflammatory pain in human 
and animal patients. This has been a focus of the pharmaceutical
industry as a more selective COX-2 inhibitor might show effi-
cacy in alleviating pain and hyperalgesia while sparing COX-1-
constitutive activity and potential adverse effects traditionally as-
sociated with NSAID administration. Unfortunately, this
biological system is not as simple as first envisioned. Although
COX-2 is induced during inflammation, it has also been shown
to be induced during resolution of the inflammatory response
where the anti-inflammatory PGs (PGD2 and PGF2�), but not
proinflammatory PGE2, are produced. Potentially, inhibition of
COX-2 during this phase may actually prolong inflammation.147

As is the case for COX-1, it now appears that the COX-2 isoen-
zyme also has important constitutive functions. Studies indicate
there may be a protective role for COX-2 in maintenance of gas-
trointestinal integrity,161 in ulcer healing,162 and in experimental
colitis in rats.163 In addition, the COX-2 isoenzyme appears to
have constitutive functions associated with nerve, brain, ovarian
and uterine function, and bone metabolism.161 Therefore, the po-
tential for NSAID-associated side effects with these systems is of
concern. Of major importance are the COX-2-constitutive func-
tions within the kidney, which differ from those of COX-1 in hy-
potensive and hypovolemic states.164 Also, COX-2 appears to be
important in nephron maturation.165 The canine kidney is not
fully mature until 3 weeks after birth,166 and administration of a
NSAID during this time, or to the bitch prior to birth, may cause
a permanent nephropathy. In fact, in COX-2 null mice, which
lack the gene for COX-2, all animals die of renal failure before 8
weeks of age.167 Renal failure does not occur in COX-1-null–
developing mice, and they do not develop gastric pathology.167

When considering the COX selectivity of a particular NSAID,
the concentration (i.e., dose) of the NSAID may also influence its
actions. A drug may function as a competitive, nonpreferential,
or selective COX inhibitor (COX-1 or COX-2) at higher concen-
trations, and as a COX-2-selective inhibitor at lower concentra-
tions.168 The significance of this is the potential for inhibition of
COX-1 with administration of an allegedly COX-2-selective
NSAID. The COX selectivity may be present in vitro; however,
at the dosing required to achieve analgesia, such selectivity may
be lost. Cloning studies comparing canine COX isoenzymes with
human COX isoenzymes found that they are highly homolo-
gous.169 Canine COX-1 and COX-2 had a 96% and 93% DNA-
sequence homology, respectively, with their human counterparts.
This suggests that they would be similarly affected by pharma-
ceuticals such as NSAIDs designed to inhibit their function.
However, the distribution of the COX enzymes may differ among
species. When reviewing the adverse effects of NSAIDs (e.g.,
gastrointestinal ulceration, renal perturbations, and hemorrhage),
hemorrhage is the only pathology that appears to be clinically di-
minished by the use of the more COX-2-selective NSAIDs.

COX 2 is reduced after administration of glucocorticoids,
which may partially explain the anti-inflammatory and analgesic
effects of this class of medications. Of interest, in addition to the

COX-2 role in inflammation, aberrantly upregulated COX-2 ex-
pression is increasingly implicated in the pathogenesis of a num-
ber of epithelial cell carcinomas, including colon, esophagus,
breast, and skin, and in Alzheimer’s disease and other neurolog-
ical conditions.170–172 For this reason, the COX-2 inhibitors are
being researched as potential anticarcinogenic agents.173

Dissecting out the details of the derivation and specific actions
of COX-1 and COX-2 continues to provide important insight into
the management of pain with NSAIDs. The picture, however, re-
mains incomplete because some NSAIDS do not significantly in-
hibit these enzymes. This finding stimulated the search for a po-
tential COX-3 isoenzyme. Based on studies using canine cortex,
a COX-3 isoenzyme was discovered that was derived from the
same gene as COX-1.142 The COX-3 isoenzyme is also present
in human brain and heart tissues. It is distinct from COX-1 and
COX-2 as demonstrated in studies using common analgesic-
antipyretic NSAIDS in suppressing COX production. Aceta-
minophen inhibited COX-3 activity, but not COX-1 and COX-2,
as does dipyrone.142 Both of these agents are frequently used to
reduce fever in animals. Other analgesic-antipyretic NSAIDs
found to be effective COX-3 inhibitors are diclofenac (the most
potent) and aspirin and ibuprofen (which preferentially inhibit
COX-3 over COX-1 and COX-2). The overall conclusion of this
particular study was that COX-3 possesses COX activity that dif-
fers pharmacologically from both COX-1 and COX-2, but is
more similar to COX-1.142 These findings indicate that the 
COX-3 isoenzyme is more susceptible to inhibition by drugs that
are analgesic and antipyretic, but that lack anti-inflammatory ac-
tivity. This observation again emphasizes the potential utility of
administering NSAIDs with different COX selectivities for man-
aging pain of different etiologies. As the COX-3 isoenzyme ge-
netic profile is derived from the COX-1 gene, it appears that the
COX-1 gene plays an integral role in pain and/or fever, depend-
ing on the physiological context.142 This has been confirmed by
the aforementioned studies.143,159,160 The COX-1-selective
NSAIDs with poor CNS penetration (i.e., ketoprofen and ketoro-
lac) that are used in veterinary and human patients may, in fact,
reach sufficient concentrations in the brain to inhibit COX-3.174

It is also recognized that the analgesic effects of these NSAIDs
frequently occur at lower dosages than those required to inhibit
inflammation.

Fever Inhibition
Just as the relationship between pain and the various activities of
the COX system is complex, so too is the association between
fever and the COX isoenzymes. The mechanisms leading to the
generation of fever vary depending on the inciting factor, which
may be peripheral (i.e., endotoxin) or central (i.e., endogenous
pyrogens, such as interleukin 1). Interspecies variation is also
substantial, and the definitive role of the COXs in pyresis re-
mains to be clearly elucidated. Evidence suggests that COX-2
plays a role in endotoxin pyrexia, whereas, based on the an-
tipyretic effects of acetaminophen and aspirin, COX-1 and 
COX-3 appear to function in endogenous pyrexia.141–143 Both of
these drugs are effective in reducing fever in dogs. As an alterna-
tive in feline patients, ketoprofen175 and meloxicam176 have been
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shown to be effective antipyretic agents. Ketoprofen appears to
be a good antipyretic in both cats and dogs, and this action can
often be achieved at a relatively low dose.

Endogenous Anti-inflammatory Mechanisms
Endogenously generated small chemical mediators, or autacoids,
play a key role in controlling inflammation by inhibiting poly-
morphonuclear cell recruitment and enhancing monocyte activity
in a nonphlogistic manner.149 Arachidonic acid–derived lipoxins,
particularly lipoxin A4, have been identified as anti-inflammatory
mediators, indicating that the LOX pathway has a dual proin-
flammatory and anti-inflammatory function.

The NSAIDs may amplify or decrease this endogenous anti-
inflammatory system. Aspirin is more COX-1 selective and can
impair many components of mucosal defense and enhance leuko-
cyte adherence within the gastric and mesenteric microcircula-
tion.177 However, with chronic use of aspirin, an adaptation of
the gastric mucosa is associated with a marked upregulation of
COX-2 expression and lipoxin production. This lipoxin is specif-
ically termed aspirin-triggered lipoxin (ATL). Aspirin is unique
among current therapies because it acetylates COX-2, thereby
enabling the biosynthesis of 15(R)-hydroxyeicosatetraenoic acid
from arachidonic acid, which is subsequently converted to ATL
by 5-LOX. Inhibition of either the COX-2 or 5-LOX enzymes
causes blockade of ATL synthesis.177 Lipoxin A4 and ATL (a
carbon-15 epimer of lipoxin) attenuate aspirin-induced leukocyte
adherence, whereas administration of selective COX-2 inhibitors
blocks ATL synthesis and has been shown to augment aspirin-
induced damage and leukocyte adherence to the endothelium of
mesenteric venules in rats.177

In addition to the lipoxins, aspirin-induced COX-2 acetylation
generates numerous other endogenous autacoids derived from di-
etary omega-3 fatty acids.178 Some of these local autacoids are
potent inhibitors of neutrophil recruitment, thereby limiting the
role of these cells during the resolution phase of inflammation,
and thus are referred to as resolvins.178 The identification of both
the lipoxins and the resolvins has introduced new potential ther-
apeutic avenues for the treatment of inflammation, cardiovascu-
lar disease, and cancer.

Pharmacological Considerations
The NSAIDs are effective analgesics as indicated by the human
consumption of 120 billion aspirin tablets per year in addition to
the many other NSAIDs currently on the market. Despite this, the
safety profile of these analgesics remains a concern. A search for
the NSAID without adverse gastrointestinal effects is still ongo-
ing. Incorporation of a nitric oxide–generating moiety into the
molecule of several NSAIDs has shown attenuation of the ulcero-
genic effects of these drugs. However, nitric oxide has also been
implicated in the pathogenesis of arthritis and subsequent tissue
destruction.147

Because of their high protein binding, NSAIDs can displace
other drugs from their plasma protein-binding sites and poten-
tially increase their plasma concentration. This is rarely a con-
cern unless NSAIDs are administered to patients with organ dys-

function or in those receiving other highly protein-bound med-
ications with a narrow therapeutic index. Interference with the
metabolism and excretion of certain coadministered drugs may
occur; therefore, verifying the safety of combination therapy is
always mandatory.

Some NSAIDs may induce the syndrome of inappropriate se-
cretion of antidiuretic hormone (ADH). Renal water reabsorp-
tion depends on the action of ADH mediated by cyclic adeno-
sine monophosphate (cAMP). As PGs exert a controlled
negative-feedback action on cAMP production, inhibition of PG
synthesis produces above-normal levels of cAMP with potential
for enhanced ADH activity. In addition, the administration of a
COX-2-selective NSAID may enhance sodium and water reab-
sorption. Clinically, both mechanisms may result in high-spe-
cific-gravity urine with dilutional hyponatremia. Urine volume
may be decreased through this mechanism, but without renal in-
jury.179,180

NSAID-induced renal insufficiency is usually temporary and
reversible with drug withdrawal and administration of intra-
venous fluids. Accidental ingestion of NSAIDs should be man-
aged with gastric lavage (if within 1 h) followed by administra-
tion of activated charcoal and gastric protectants. If evidence of
gastric ulcers exist, aggressive sucralfate therapy is necessary.
Intravenous fluid therapy should continue for at least 1 day.
Therapy beyond this period will depend on the renal and gastric
status of the individual patient.

Patient Selection and Therapeutic
Considerations
The general health of a patient greatly influences the decision to
use NSAIDs. Cats and dogs are more susceptible than people to
the adverse effects of this class of drugs. Thus, the reported
safety of any one NSAID in human patients should not be as-
sumed to be so in veterinary patients. Most NSAIDs have a nar-
row safety margin, so accurate dosing is absolutely necessary.

The administration of NSAIDs for perioperative pain manage-
ment should be restricted to animals older than 6 weeks that are
well hydrated and normotensive. Patients should have normal he-
mostatic function, no evidence or concern for gastric ulceration,
and normal renal and hepatic function. Although these are gen-
eral guidelines, future studies may indicate that short-term man-
agement of acute pain by using COX-1-sparing and, to some de-
gree, COX-2-sparing NSAIDs may prove safe in animals with
minimally compromised liver or renal function. Patients should
not receive corticosteroids and NSAIDs concurrently,181 nor
should different NSAIDs be administered concurrently.

The preemptive use of NSAIDs is controversial because of
their potential for harm. An earlier study assessing the effects on
the kidney of preoperative administration of ketorolac, ketopro-
fen, or carprofen resulted in variable alterations in parameters
measured. The conclusions of the study were that, in clinically
normal dogs undergoing elective surgery, the use of these
NSAIDs was not contraindicated, although renal function was
not measured and two dogs in each of the ketoprofen and ketoro-
lac groups were azotemic.182 Another study assessing effects of
preoperative administration of ketoprofen on whole blood
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platelet aggregation, buccal mucosal bleeding time, and hemato-
logic indices in dogs undergoing elective ovariohysterectomy
showed a decrease in platelet aggregation for at least 1 day after
surgery. Mucosal bleeding time and hematologic indices did not
change.183 Other studies, specifically assessing efficacy and
safety of NSAIDs given preoperatively in a variety of surgical
procedures where intraoperative fluid therapy was administered
and patient monitoring was conducted, noted adverse reactions
with some of the NSAIDs.123,184,185 A study conducted at the
Ontario Veterinary College demonstrated no adverse effects with
the administration of meloxicam or carprofen prior to orthopedic
or soft tissue surgery in both cats (meloxicam) and dogs (meloxi-
cam or carprofen) (unpublished data). In these studies, the preop-
erative administration of a NSAID provided very good to excel-
lent analgesia. A laboratory study investigating potential adverse
effects on glomerular filtration rate in dogs receiving meloxicam,
carprofen, or saline prior to anesthesia and a painful stimulus
failed to demonstrate a reduced glomerular filtration rate, and in-
travenous fluids were not administered in this study.186 The ben-
efit of preoperative administration of NSAIDs is the potential for
a preemptive effect and the presence of analgesia upon recovery.
When NSAIDs are administered postoperatively, opioids are
often given concurrently, as 45 min is required to obtain a thera-
peutic effect with a NSAID, regardless of route. Another poten-
tial approach could be to administer the NSAID parenterally
prior to completing the surgical procedure at least 45 min prior to
extubation. Often it is difficult to distinguish the difference in the
analgesic effects produced by preoperative versus intraoperative
NSAID administration. For prolonged operative procedures, the
benefit of a longer postoperative effect may be seen with admin-
istration of the NSAID upon completion, rather than at the start,
of the procedure.

Effective plasma levels of NSAIDs are reached within 1 h after
oral administration.187–189 When NSAIDs are administered per
os, they must be given with food to protect the gastric mucosa. If
food is not present in the stomach, the contact area of the tablet
on the mucosa results in a high localized concentration of the
drug, increasing the potential for localized ulcer formation. It is
important to remember that the potential for ulceration exists
with all NSAIDs regardless of the route of administration.

Pain Management
The indications proposed here assume there are no contraindica-
tions to their use.

Postoperative Pain
The NSAIDs are extremely valuable in selected orthope-
dic123,182,190,191 and soft tissue surgical procedures,184,192–197 es-
pecially where extensive inflammation or soft tissue trauma is
present. Opioid administration is preferred immediately after any
surgical procedure, because the sedative-analgesic effects of this
class of drugs help to ensure a smooth recovery. Injectable
NSAIDs (carprofen, ketoprofen, meloxicam, or tolfenamic acid)
can be coadministered initially with an opioid and subsequently
used alone following orthopedic and selected soft tissue surgery;
however, this depends on the degree of pain an animal is experi-

encing. Oral NSAIDs may be administered when an animal is
able to eat. The initial dose of NSAID depends on the expected
severity of pain. For example, a difficult fracture repair would re-
quire the recommended loading dose, but a laparotomy without
complications could be successfully treated with half this dose. A
sliding-scale approach similar to that used with the opioids for
managing varying degrees of anticipated pain is also recom-
mended for the NSAIDs; however, the upper dosing limit must
not be exceeded.

Inflammatory Conditions
For relief of pain caused by meningitis, bone tumors (especially
after biopsy), soft tissue swelling (mastitis), polyarthritis, cysti-
tis, otitis, or severe inflammatory dermatologic diseases or injury
(e.g., degloving and animal bites), the NSAIDs may be more ef-
ficacious than opioids. However, as many of these patients may
be more prone to NSAID toxicity, careful patient selection and
management are advised. The combination of an opioid with a
low dose of NSAID is also effective in these conditions. An ex-
ception is necrotizing fasciitis, where NSAIDs may actually in-
crease morbidity and mortality.198

Osteoarthritis
Few long-term studies evaluating the adverse effects of NSAIDs
have been completed. A short-term study (12 days) assessing the
effect of carprofen on platelet aggregation and activated partial
thromboplastin time in Labrador retrievers showed, after 5 days
of treatment, a reduction in platelet aggregation that persisted
after treatment was discontinued for 7 days. The activated partial
thromboplastin time was similarly affected as times were pro-
longed over baseline during this period, although they remained
within normal range. The conclusions of this study, however,
were that these alterations were minor and not clinically impor-
tant.199 The major adverse effects associated with long-term use
of carprofen,200 meloxicam,201 or etodolac202 for osteoarthritis
are predominantly associated with the gastrointestinal tract.
Gastroduodenal pathology associated with buffered aspirin,
carprofen, etodolac, and placebo has been evaluated in healthy
dogs after a 4-week course of administration. Two independent
studies concluded that the administration of carprofen, etodolac,
or placebo produced significantly fewer gastroduodenal lesions
in dogs than did buffered aspirin.203,204 Similar studies compar-
ing ketoprofen with aspirin and placebo,205 and comparing car-
profen, meloxicam, and ketoprofen to aspirin and placebo,206

noted that these NSAIDs produced mild to moderate gastroin-
testinal lesions that were similar to placebo, but significantly less
severe than those produced by aspirin. A sliding-scale approach
of NSAID administration for chronic use is highly recom-
mended. As many patients with osteoarthritis are geriatric, a
rapid reduction of the dose to affect a comfortable state is ad-
vised to reduce potential toxicity. For example, alternating to
every-third-day therapy of meloxicam with half the recom-
mended label dose proved efficacious in some dogs during a 1-
year period.201 If an individual patient requires persistent high
doses of a particular NSAID to manage pain, prescribing a dif-
ferent NSAID may be more effective because of individual vari-

Opioids, Nonsteroidal Anti-inflammatories, and Analgesic Adjuvants ● 257



ation in response and effect, as previously discussed. When the
adverse effects of a NSAID are a concern, reducing the dose and
adding an analgesic of a different class (e.g., tramadol) may be
equally effective for the treatment of chronic severe pain.
However, for many geriatric animals with renal insufficiency,
NSAIDs may be the only effective class of analgesic. For these
animals, quality of life is a major issue. In this situation, meloxi-
cam (in both cats and dogs) or carprofen (in dogs only) titrated
down to the lowest effective dose has been used in patients with
renal insufficiency with minimal or no worsening of renal func-
tion over time (personal communication).

During NSAID therapy, all patients should be monitored for
hematochezia or melena, vomiting, increased water consump-
tion, and nonspecific changes in demeanor. If any of these occur,
the owner should be instructed to stop the medication and consult
a veterinarian. Intermittent monitoring of creatinine and alanine
aminotransferase (ALT) is recommended when the use of
NSAIDs is prescribed on a chronic basis. Another important con-
sideration for chronic use is the potential effect of NSAID ther-
apy on joint and cartilage metabolism. Studies investigating the
effects of carprofen207,208 and meloxicam209 at therapeutic doses
found no toxicological or pharmacological actions on cartilage
proteoglycan metabolism. In addition, meloxicam may have the
potential for controlling cellular inflammatory reactions at in-
flamed sites in the joints of patients with osteoarthritis.209

Miscellaneous Conditions
Other indications for the use of NSAIDs are panosteitis, hyper-
trophic osteodystrophy (HOD), cancer pain (especially of bone),
and dental pain. The NSAIDs with selective COX-1 inhibition
should be used with caution after dental extractions where bleed-
ing is, or may be, of concern. Meloxicam and carprofen have
minimal, if any, antithromboxane activity and should, therefore,
not interfere with platelet adhesion. For severe panosteitis and
HOD, the full loading dose of a NSAID is required to obtain a
suitable effect. The HOD of Weimaraners is poorly responsive to
NSAID therapy and is better treated with high-dose, short-term
corticosteroids, provided infectious disease has been ruled out
and clinical signs are consistent with HOD alone.210

Contraindications
NSAIDs should not be administered to patients with acute renal
insufficiency, hepatic insufficiency, dehydration, hypotension, or
conditions associated with low effective circulating volume (e.g.,
congestive heart failure or ascites), coagulopathies (e.g., factor
deficiencies, thrombocytopenia, or von Willebrand’s disease), or
evidence of gastric ulceration (i.e., vomiting with or without the
presence of “coffee ground material” or melena). Administration
of NSAIDs following gastrointestinal surgery must be deter-
mined by the overall health of the gut at the time of surgery. As
the COX-2 isoenzyme is important for healing, intuitively
NSAIDs producing potent COX-2 enzyme inhibition would be
contraindicated where compromised bowel is noted. Concurrent
use of other NSAIDs (e.g., aspirin) or corticosteroids is not rec-
ommended. The use of COX-1-preferential NSAIDs is con-
traindicated in patients with spinal injury (including herniated in-

tervertebral disc) because of the potential for hemorrhage and
neurological deterioration, and because of excessive bleeding at
the surgical site should surgical treatment be pursued. The
NSAIDs should never be administered to patients in shock,
trauma patients upon presentation, or patients with evidence of
hemorrhage (e.g., epistaxis, hemangiosarcoma, or head trauma).
The condition of patients with severe or poorly controlled
asthma, such as feline asthma, or other types of moderate to se-
vere pulmonary disease, may deteriorate with NSAID adminis-
tration. Aspirin administration has been documented to exacer-
bate asthma in human patients, but the administration of
COX-2-specific NSAIDs did not worsen clinical signs.211 It is
unknown whether animals may be affected in this way. Although
administration of NSAIDs in head trauma, pulmonary diseases,
or thrombocytopenia is generally contraindicated, the use of
COX-2-preferential NSAIDs (i.e., meloxicam, etodolac, carpro-
fen, tolfenamic acid, firocoxib, or deracoxib) may prove to be
safe with further study. Because of inhibition of PG activity, the
NSAIDs may be detrimental to reproductive function. Indometh-
acin may block prostaglandin activity in pregnant women, caus-
ing cessation of labor, premature closure of the ductus arteriosus
in the fetus, and disruption of fetal circulation.161 These effects
may also occur in animals, so NSAIDs should not be adminis-
tered during pregnancy. As COX-2 induction is necessary for
ovulation and subsequent implantation of the embryo,161 the use
of NSAIDs should also be avoided in breeding females during
this stage of the reproductive cycle. As previously mentioned, the
COX-2 isoenzyme is required for maturation of the embryologi-
cal kidney, so COX-2 administration to lactating mothers should
be avoided.

Topical NSAIDs do not appear to be associated with the same
adverse gastrointestinal effects noted when these same drugs are
taken orally,212 and topical administration has proven to be sig-
nificantly more effective than placebo in many human clinical
trials involving acute and chronic painful conditions.213 A lipo-
somal topical cream formulation of 1% diclofenac sodium
(Surpass) has recently been approved by the U.S. Food and Drug
Administration as a topical anti-inflammatory cream for the con-
trol of joint pain and inflammation associated with osteoarthritis
in horses. The results of clinical field trials indicate that the prod-
uct is safe, easy to use, and effective in reducing lameness caused
by degenerative joint disease in this species. When applied topi-
cally (a 5-inch strip of cream) for 10 consecutive days to a single
fetlock, diclofenac was present in all serum samples up to 2 days
after the final application.214 The term locally enhanced topical
delivery (LETD) has been used to describe the local accumula-
tion of drug to the target tissues. This effect has been documented
in horses when using the 1% diclofenac liposomal formula-
tion.215 Consistent with its prolonged effect at the target tissue,
diclofenac was slowly absorbed and eliminated following its ap-
plication. When compared with other conventional topical
creams and ointments, liposomal preparations provide better
penetration and a more sustained release of agent. There are no
well controlled published studies investigating the clinical use of
topical formulations of NSAIDs in dogs and cats at the date of
this writing.
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Specific NSAIDs
Recommended dosages are listed in Tables 10.4 through 10.6.

Meloxicam (Oral Liquid and Parenteral Formulations)
Meloxicam is a COX-2-preferential NSAID approved for oral
use in dogs in Australasia, Europe, and North America. The par-
enteral formulation is approved for cats in Australasia and the
United States. Its use in cats in Canada is under investigation at
the time of this writing, with completed studies indicating safety
and efficacy. Its use in horses is also under investigation, with
pharmacokinetic studies indicating that the half-life is shorter
and clearance greater than in dogs, which suggests that dosing
more than once a day may be necessary.216

Studies indicate no renal or hepatic abnormalities with acute
administration184 and minimal to no antithromboxane activity,217

suggesting that hemostasis in normal animals may not be a prob-
lem. Very few adverse reactions have been documented, and most
involve the gastrointestinal tract. A 2003 study showed no differ-
ence in gastric erosions over saline placebo when meloxicam was
administered at 0.1 mg/kg for 3 days after electrical stimulation
(i.e., surgical simulation) under anesthesia. However, the admin-
istration of corticosteroids plus meloxicam caused significant
gastric erosions.181 A case report of the administration of a com-
bination of aspirin and meloxicam in a dog detected duodenal
perforation.218 This case illustrates the importance of COX-2 in
intestinal protection when aspirin is coadministered, and rein-
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Table 10.4. Dosage ranges (mg/kg unless otherwise indicated) for NSAIDs in dogs and cats

NSAIDa Indication Species/Dose/Route Frequency

Ketoprofen Surgical pain Dogs, � 2.0 IV, SC, IM, PO Once
Cats, � 2.0 SC Once
then dogs and cats, � 1.0 IV, SC, IM, PO q 24 h
Dogs and cats, � 2.0 PO

Chronic pain then � 1.0 Once
Meloxicam Surgical pain Dogs, � 0.2 IV, SC Once

then � 0.1 IV, SC, PO q 24 h
Chronic pain Dogs,� 0.2 PO Once

then � 0.1 PO q 24 h
Surgical pain Cats, � 0.2 SC, PO Once

then � 0.1 SC, PO lean weight q 24 h for 2–3 days
Chronic pain Cats, � 0.2 SC, PO Once

then � 0.1 PO lean weight q 24 h for 2–3 days
then 0.025 PO or (0.1 mg/CAT max) lean weight 3–5 � weekly

Carprofen Surgical pain Dogs, � 4.0 IV, SC, IM Once at induction
then � 2.2 PO Repeat q 12–24 h
Cats, � 4.0 SC lean weight Once at induction only

Chronic pain Dogs, � 2.2 PO q 12–24 h
Etodolac Chronic pain Dogs, � 10–15 PO q 24 h
Tolfenamic acid Acute, chronic pain Dogs and cats, � 4 SC, PO q 24 h for 3 days, 4 days off, then 

repeat cycle
Firocoxib Chronic pain Dogs, 5.0 PO q 24 h
Flunixin meglumine Surgical pain Dogs, � 1.0 IV, SC, IM Once

Cats, 0.25 SC q 12–24 h PRN � 1 or 2 doses
Pyrexia Dogs and cats, 0.25 SC q 12–24 h PRN � 1 or 2 doses
Ophthalmologic Dogs, 0.25–1.0 SC, IM q 12–24 h PRN � 1 or 2 doses

procedures
Ketorolac Surgical pain Dogs, 0.3–0.5 IV, IM q 8–12 h � 1 or 2 doses

Cats, 0.25 IM q 12 h � 1 or 2 doses
Panosteitis Dogs, 10-mg total dose in dogs 	 30 kg PO q 24 h for 2–3 days 

5-mg total dose in dogs > 20 kg < 30 kg PO
Deracoxib Surgical pain Dogs, � 3–4 PO q 24 h for 3–7 days

Chronic pain Dogs, � 1–2 PO q 24 h
Tepoxalin Chronic pain Dogs, 10 PO q 24 h
Piroxicam Inflammation of the lower Dogs, 0.3 PO q 24 h � 2 doses

urinary tract then q 48 h
Acetaminophen Acute, chronic pain Dogs, 15 PO (contraindicated in cats) q 8 h
Aspirin Acute, chronic pain Dogs, 10 PO q 12 h

CAT max, maximal dose in cats; IM, intramuscularly; IV, intravenously; NSAID, nonsteroidal anti-inflammatory drug; PO, per os (orally); PRN, as neces-
sary; SC, subcutaneously.
aSee the text for details on contraindications for use.



forces the concept that different NSAIDs should not be adminis-
tered concurrently. Analgesia is excellent when meloxicam is
combined with an opioid. Meloxicam has proven to be beneficial
in the treatment of sodium urate–induced synovitis219 and panos-
teitis220 in dogs, and radiation-induced stomatitis in cats.221

Carprofen (Tablet and Parenteral Formulations)
Although classified as a NSAID, carprofen administration to
beagles did not inhibit PGE2, 12-hydroxyeicosatetraenoic acid,
or TXB2 synthesis in an experimental study using subcutaneous
tissue cage fluids.222 It was concluded that the principle mode of
action of carprofen must be by mechanisms other than COX or
12-lipoxygenase inhibition. However, more recent studies indi-
cate that it is a COX-2-preferential NSAID.146,223 Carprofen is
approved for perioperative and chronic pain management in dogs
in Australasia, Europe, and North America. Carprofen is ap-
proved for single-dose, perioperative use in cats in Europe and is
licensed for use in horses in the United Kingdom. In sheep,
carprofen (0.7 mg/kg intravenously) produced plasma concentra-
tions of 1.5 µg/mL, similar to those required to confer analgesia
in horses, for up to 48 h.224 However, analgesia was not assessed
in this sheep study.224 Antithromboxane activity is mini-
mal,217,225 suggesting that induced coagulopathy may not be a
problem in patients with intact hemostatic mechanisms.

According to the European literature, potential adverse effects
of NSAIDs, such as nephrotoxicity, hepatotoxicity, gastrointestinal

bleeding, or hemostatic deficiencies have not been reported with
carprofen use.198 Acute hepatotoxicity and death after carprofen
administration have been reported among dogs with previously re-
ported normal liver function (with Labrador retrievers highly rep-
resented).226 Carprofen provides good analgesia from 12 h182,192

to 18 h after a variety of orthopedic procedures. In cats undergoing
ovariohysterectomy, carprofen administration provided profound
analgesia between 4 and 20 h postoperatively.193

Ketoprofen (Tablet and Parenteral Formulations)
Ketoprofen is approved for treatment of postoperative and
chronic pain in both dogs and cats in Europe and Canada. It is
also approved for use in horses and ruminants. As ketoprofen is
an inhibitor of both COX-1 and COX-2, adverse effects are a
potential problem requiring careful patient selection. Although
several studies using ketoprofen preoperatively indicate its effec-
tiveness in controlling postoperative pain,182,184,190 a general
consensus among practitioners has restricted its use primarily to
the postoperative period to reduce the potential for hemorrhage.
Ketoprofen should not be administered to patients with risk fac-
tors for hemorrhage. It is often administered to animals immedi-
ately after orthopedic procedures (e.g., fracture repair, cruciate
repair, or onychectomy); however, it is advised to restrict admin-
istration after laparotomy or thoracotomy until such time that
hemorrhage is not a concern and when intracavitary drainage
tubes have been removed.

260 ● Pharmacology

Table 10.5. Dosage ranges (mg/kg) of NSAIDs in horses

NSAIDa Dose Route Frequency Notes

Phenylbutazone 2–4 PO, IV q 12 h Reduce to 2 mg/kg on day 2
Flunixin meglumine 1 PO, IV, IM q 12–24 h
Ketoprofen 2–3 IV q 24 h
Carprofen 0.7 IV q 24 h
Eltenac 0.5 IV q 24 h
Diclofenac 5-inch ribbon of cream Transdermal q 12 h Apply liposomal cream over 1 joint 

only twice daily
Vedaprofen 1 IV q 24 h
Meloxicam 0.6 IV q 12 h

IM, intramuscularly; IV, intravenously; NSAID, nonsteroidal anti-inflammatory drug; PO, per os (orally).
aSee text for details on contraindications for use.

Table 10.6. Dosage ranges (mg/kg) of NSAIDs in ruminants 

NSAIDa Dose Route Frequency Notes

Phenylbutazone 2–6 PO, IV q 24 h Prohibited in dairy cattle >20 months of age
Flunixin meglumine 1 PO, IV, IM q 12 or 24 h
Ketoprofen 3 IV, PO q 24 h
Carprofen 0.7 IV q 24–48 h Sheep
Aspirin 100 PO q 12 h

IM, intramuscularly; IV, intravenously; NSAID, nonsteroidal anti-inflammatory drug; PO, per os (orally).
aSee text for details on contraindications for use.



In a study investigating the efficacy of NSAIDs in controlling
postoperative pain, ketoprofen conferred a very good to excellent
analgesic state for up to 24 h when compared with butor-
phanol.184 Ketoprofen administration has also been suggested for
management of pain associated with hypertrophic osteodystro-
phy and panosteitis in dogs. Gastroprotectants should be coad-
ministered. Occasional vomiting may be seen when ketoprofen is
administered chronically. It has also been recommended in
horses.227 In foals less than 1 day old, the volume of distribution
is larger and the clearance is reduced, which indicate that this
drug has a longer elimination half-life in foals.228 In ponies, syn-
ovial concentrations of ketoprofen are achieved after intravenous
injection and will last for up to 4 h.229 After oral administration,
ketoprofen was an effective analgesic in 4- to 8-week-old calves
undergoing dehorning,230 and in 8- to 16-week-old calves when
administered intravenously in conjunction with lidocaine injec-
tion of the testicles for castration.231

Etodolac (Tablet Formulation)
Etodolac is a COX-2-preferential NSAID approved in the United
States for use in dogs for the management of pain and inflamma-
tion associated with osteoarthritis,202,232 but is also useful in
other painful conditions. The adverse effects appear to be prima-
rily restricted to the gastrointestinal tract.

Deracoxib and Firocoxib (Tablet Formulations)
Deracoxib is a coxib-type COX-2-specific inhibitor approved in
the United States and Canada for control of postoperative pain
and inflammation associated with orthopedic surgery and
chronic osteoarthritic pain in dogs. Firocoxib is the most 
COX-2 selective NSAID available in veterinary medicine and
the most recently approved NSAID for the control of os-
teoarthritic pain in dogs in the United States. The incidence of
vomiting and diarrhea were similar in dogs receiving deracoxib
and those receiving placebo in a perioperative field trial, and
overall the drug was well tolerated and effective.233 It was also
shown to be effective in attenuating lameness in dogs with urate
crystal–induced synovitis after prophylactic and therapeutic ad-
ministration.234,235 The coxib group of NSAIDs were originally
marketed as being more gastroprotective in human patients
when compared with the less COX-1-sparing NSAIDs such as
aspirin.236 However, more recent findings and large-scale usage
in human patients have indicated that coxib NSAIDs do not nec-
essarily guarantee gastroprotection with chronic use. In a more
recent canine study comparing the gastrointestinal safety profile
of licofelone (a dual COX-LOX inhibitor) with rofecoxib (a
similar coxib-type COX-2 inhibitor to deracoxib and firocoxib),
rofecoxib was found to induce significant gastric and gastroduo-
denal lesions.237 It has been recommended by some investiga-
tors that coxib-type NSAIDs not be administered for a period of
1 week after a previously administered NSAID or steroid has
been discontinued.

Tepoxalin (Dissolvable Wafer)
Tepoxalin is a COX-1, COX-2, and LOX inhibitor of varying de-
grees with efficacy comparable to meloxicam or carprofen and

safety comparable to placebo.238 Tepoxalin has been approved
for management of osteoarthritic pain in dogs. The safety profile
of tepoxalin showed no difference from that of placebo when ad-
ministered prior to a 30-min anesthesia period and a minor sur-
gical procedure in dogs.239

Tolfenamic Acid (Tablet and Parenteral Formulations)
Tolfenamic acid is approved for use in cats and dogs in Europe
and Canada for controlling acute postoperative and chronic pain.
The dosing schedule is 3 days on and 4 days off, which must be
strictly adhered to. Reported adverse effects are diarrhea and
occasional vomiting. Tolfenamic acid has significant anti-
inflammatory and antithromboxane activity,240 so posttraumatic
and surgical hemostasis may be compromised during active
bleeding after administration of this NSAID.

Flunixin Meglumine (Parenteral Formulation)
Flunixin meglumine, which is a COX-1 and COX-2 inhibitor, is
approved for use in dogs in Europe, but not in North America. It
is also approved for use in ruminants and horses. Flunixin is
commonly used to treat colic pain in horses. In foals less than 1
day old, pharmacokinetic data suggest increasing the dose by as
much as 1.5 times the adult dose to achieve comparable therapeu-
tic concentrations; however, longer dosing intervals are neces-
sary to avoid toxicity.241 Dosages for cattle are similar to those in
horses. In dogs, it is reported to be an effective analgesic for sur-
gical pain;123,195 however, the potential for side effects such as
increased ALT,123 nephrotoxicity,123,185,242 and gastric ulcera-
tion243 is a major concern. Flunixin is also used as an anti-
inflammatory in selected ophthalmologic surgical procedures,
but safer NSAIDs appear to be as effective in this setting.

Phenylbutazone (Powder and Parenteral Formulations)
Phenylbutazone is approved for use in horses, cattle, and dogs in
North America. Since safer NSAIDs are approved for dogs,
phenylbutazone is not recommended for this species. In horses,
there is high risk of gastric ulceration and nephrotoxicity,244

where signs of toxicity may progress from inappetence and de-
pression to colic, gastrointestinal ulceration, and weight
loss.245,246 In horses recovering from arthroscopic surgery, phe-
nylbutazone administered prior to surgery and for 21/2 days af-
terward improved analgesic outcome when compared with a
placebo group.247 Phenylbutazone has a prolonged elimination
half-life in cattle, ranging from 30 to 82 h.248,249 Phenylbutazone
administration to dairy cattle 20 months of age or older is prohib-
ited by the U.S. Food and Drug Administration to avoid the pres-
ence of residues that are toxic to people.

Eltenac (Parenteral Formulation and Topical Gel)
In horses, eltenac induced minimal side effects when 0.5 mg/kg
was used during an investigative study.250 When used in an endo-
toxemic horse model, eltenac improved outcome parameters
when compared with placebo, and it was proposed that this
NSAID may provide clinical benefit in horses with naturally oc-
curring endotoxemia.251
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Vedaprofen (Oral and Parenteral Formulations)
The oral form is approved for use in dogs in Europe and Canada.
The parenteral form is approved for use in horses in Europe and
North America and has very similar pharmacokinetic and phar-
macodynamic properties to those of ketoprofen.252,253

Ketorolac (Parenteral Formulation)
Ketorolac, which is a COX-1 and COX-2 inhibitor, is not ap-
proved for use in veterinary patients, but is included for the ben-
efit of those working in the research setting where the availabil-
ity of ketorolac is more likely than other NSAIDs. Ketorolac is
comparable to oxymorphone in efficacy and to ketoprofen in du-
ration and efficacy in managing postlaparotomy and orthopedic
pain in dogs.123 Only one to two doses should be administered to
dogs or cats. Ketorolac has been used successfully for treatment
of severe panosteitis in dogs where all other therapies had failed.
It is recommended that ketorolac be administered with food or
gastroprotectants to decrease the incidence of gastric irritation.

Piroxicam (Capsule Formulation)
Piroxicam is not approved for use in veterinary patients, but has
proven valuable for its anti-inflammatory effects on the lower
urinary tract in dogs with transitional cell carcinoma or cystitis
and urethritis. The administration of gastroprotectants is recom-
mended.254

Acetaminophen (Tablet and Oral Suspension
Formulations)
Acetaminophen is a COX-3 inhibitor with minimal COX-1 and
COX-2 effects. It is not approved for use in veterinary patients. It
should not be administered to cats because of deficient glu-
curonidation of acetaminophen in this species.255 It may be admin-
istered to dogs as an antipyretic and analgesic for mild pain and
can be used in combination with opioids for a synergistic analgesic
effect or opioid-sparing effect.141,142 It can be prescribed as an in-
dividual drug that can be coadministered with an opioid (this ap-
proach allows more flexibility in dosing of the opioid), or in a pro-
prietary combined formulation with an opioid (e.g., codeine plus
acetaminophen, or oxycodone plus acetaminophen).

Aspirin (Tablet Formulation)
Aspirin, which is primarily a COX-1 inhibitor, is most commonly
used as an analgesic for osteoarthritic pain in dogs. It is also
available in proprietary combinations with various opioids (as-
pirin plus codeine, or aspirin plus oxycodone) to achieve a syn-
ergistic effect for the treatment of moderate pain. It is also used
as an antipyretic and anticoagulant in dogs and cats. Aspirin has
also been evaluated as an analgesic in cattle.256

Dipyrone (Tablet and Parenteral Formulations)
Dipyrone, which is a COX-3 inhibitor, is approved for use in cats
and dogs in Europe and Canada. It should be given intravenously
to avoid the irritation experienced when given intramuscularly.
The analgesia produced is not usually adequate for moderate to
severe postoperative pain, and dipyrone is reserved for use as an
antipyretic in cases where other NSAIDs are contraindicated.

Nephrotoxicity or gastric ulceration is not a major concern in the
short term even in critically ill patients. Dipyrone administration
induces blood dyscrasias in human patients, but this has not been
reported in animals.

Diclofenac (Topical Liposomal Cream Formulation)
Diclofenac is a phenylacetic acid NSAID that is a nonselective
cyclooxygenase inhibitor commonly used in human patients.
There is no oral or parenteral formulation available in veterinary
medicine, but a topical cream has recently been approved by the
Food and Drug Administration for use in horses. This liposomal
cream formulation of 1% diclofenac provides a novel thera-
peutic modality for the local application of NSAID-type anti-
inflammatory drugs. Dosing is achieved by applying a 5-inch rib-
bon of topical cream to only one affected joint twice daily for no
more than 10 consecutive days. Rubber gloves should be worn
when applying and rubbing the cream into the skin covering the
painful joint. The cream is stored at room temperature and should
not be frozen. Simultaneous multiple-joint application can result
in excessive absorption and high serum concentrations with an
increased potential for severe NSAID-type adverse reactions.

Analgesic Adjuvants
Analgesic adjuvants are defined as drugs that have primary indi-
cations other than pain, but that possess analgesic actions in cer-
tain painful conditions. This definition encompasses a very di-
verse group of drugs and distinguishes the analgesic adjuvants
from the so-called traditional analgesics, which include the opi-
oids, the NSAIDs, and the local anesthetics. It is only recently
that analgesic adjuvants have begun to be used in veterinary med-
icine, and most therapeutic recommendations have been extrapo-
lated from experience with human patients and subsequently ap-
plied to companion animals.

As the name implies, these agents are typically coadministered
with the traditional analgesics. They have been used most often
in the management of chronic pain states; however, their use in
acute pain settings is increasing, and certain adjuvant agents have
become common analgesic supplements during the perioperative
period. In the chronic pain setting, the adjuvant analgesics are ad-
ministered (a) to manage pain that is refractory to traditional
analgesics, (b) to enable the dose of traditional analgesics to be
reduced in order to lessen side effects, and (c) concurrently to
treat a symptom other than pain. In some clinical settings, such
as chronic neuropathic pain syndromes, adjuvant analgesics have
become so well accepted that they are administered as the first-
line therapy in human patients.

When contemplating administration of an adjuvant analgesic,
veterinarians must be aware of the drug’s clinical pharmacology
and its particular use in patients with pain. The following infor-
mation about the drug is necessary: (a) approved indications, (b)
unapproved indications (e.g., for analgesia) that are widely ac-
cepted in veterinary medical practice, (c) common side effects
and uncommon but potentially severe adverse effects, (d) impor-
tant pharmacokinetic features, and (e) specific dosing guidelines
for pain.
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Numerous drugs may be considered as analgesic adjuvants in
veterinary medicine today (Table 10.7). Some of these, such as
ketamine and the �2-agonists, are familiar to practitioners,
whereas others have not been used historically in veterinary med-
icine. Much of the evidence substantiating the use of these agents
comes from laboratory-animal research, clinical trials in humans,
or anecdotal reports in human or animal patients. The following
section briefly reviews the current state of knowledge regarding
selected analgesic adjuvants in veterinary medicine (see Table
10.8 for recommended dosages).

Ketamine
Ketamine is a dissociative anesthetic and has been used for
decades in veterinary medicine. More recently, it has been recog-
nized as an NMDA receptor antagonist and, at very low doses,
can contribute substantially to analgesia by minimizing CNS
sensitization.

�2-Agonists
Xylazine and, more recently, medetomidine, detomidine, and
romifidine have been used extensively to provide sedation in a
variety of veterinary species. Medetomidine and detomidine in
particular have considerable analgesic potential, even in micro-
doses, and can be administered via a number of novel routes and
techniques to supplement analgesia and enhance the analgesic
actions of other agents in various painful conditions.

Gabapentin
Gabapentin is a human anticonvulsant drug that has been ap-
proved by the U.S. Food and Drug Administration since 1993.10

Several years later, reports of its antihyperalgesic effects in ro-
dent experimental pain models, as well as case reports and un-

controlled clinical trials involving human patients suffering from
neuropathic pain, began to appear in the literature. Gabapentin’s
mechanism of analgesic action is unknown, but there is evidence
to suggest that it may increase central inhibition or reduce the
synthesis of glutamate, even though it does not appear to interact
directly with NMDA receptors.99

Despite the lack of controlled data available at this time,
gabapentin administration has been advocated for the manage-
ment of a variety of human neuropathic pain syndromes99,257 and
more recently for management of incisional pain and arthri-
tis.258–261 In human clinical trials, side effects occur in approxi-
mately 25% of patients, are usually mild and self-limiting, and
include drowsiness, fatigue, and weight gain with chronic admin-
istration. There are only anecdotal reports of its use in veterinary
patients. Dosing guidelines in dogs and cats have been extrapo-
lated from human dosing recommendations. Dosage modifica-
tions are often based on the clinical efficacy achieved in individ-
ual veterinary patients. Though it is not possible to make specific
scientific recommendations of dosage and indication in specific
species, with owner consent, both gabapentin and pregabalin
have been increasingly used by veterinary practitioners striving
to better manage chronic neuropathic pain of both malignant and
nonmalignant origins in companion animals.

Amantadine
Amantadine is an antiviral agent developed to inhibit the replica-
tion of influenza A in human patients.10 It has also been shown
to have efficacy in the treatment of drug-induced extrapyramidal
effects and in the treatment Parkinson’s disease. More recently,
amantadine administration has been advocated for the treatment
of various types of pain. The drug appears to exert its analgesic
effects through antagonism of NMDA receptors in a manner
analogous to ketamine. Though controlled clinical human trials
are lacking, amantadine seems most efficacious in the manage-
ment of chronic neuropathic types of pain characterized by hy-
peralgesia and allodynia.262,263 Patients suffering from opioid
tolerance may also respond favorably to amantadine therapy, and
some studies suggest that the drug may even find a place in peri-
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Table 10.7. Potential analgesic adjuvants in veterinary clinical
practice

�2-Agonists NMDA receptor antagonists
Medetomidine Ketamine
Detomidine Amantadine
Romifidine Methadone

Antidepressants Memantine
Amitriptyline Anticonvulsants
Imipramine Gabapentin
Paroxetine Carbamazepine

Oral local anesthetics Clonazepam
Mexiletine Miscellaneous analgesics
Tocainide Tramadol
Flecainide

Others
Capsaicin
Calcitonin
Magnesium
Bisphosphonates
Radiopharmaceuticals

NMDA, N-methyl-D-aspartate.

Table 10.8. Dosage ranges (mg/kg) for analgesic adjuvants in
selected domestic species 

Analgesic 
Adjuvant Dogs Cats

Ketamine 0.5 IV loading dose 0.5 IV loading dose
0.1–0.5/h IV CRI 0.1–0.5/h IV CRI

Medetomidine 0.002–0.015 IV, IM 0.005–0.02 IV, IM
Gabapentin 2–10 PO q 8–12 h 2–10 PO q 8–12 h
Amantadine 3–5 PO q 24 h 3–5 PO q 24 h
Tramadol 2–10 PO q 12–24 h ?

CRI, continuous-rate infusion; IM, intramuscular(ly); IV, intravenous(ly);
PO, per os (orally); ?, reliable doses have not been established for this
species.



operative pain management.264 There are, at this writing, no
well-controlled published studies evaluating the analgesic effects
of amantadine in veterinary patients, and dosing recommenda-
tions are based largely on anecdotal reports. As the management
of chronic pain in companion animals continues to receive much
attention in veterinary medicine, the use of amantadine and other
drugs with a similar mechanism of action is likely to become
more prevalent.

Tramadol
Tramadol is a synthetic codeine analog that is a weak µ-receptor
agonist.10 In addition to its opioid activity, tramadol also inhibits
neuronal reuptake of norepinephrine and 5-hydroxytryptamine
(serotonin), and may actually facilitate 5-hydroxytryptamine re-
lease.22 It is thought that these effects on central catecholaminer-
gic pathways contribute significantly to the drug’s analgesic effi-
cacy.265 Tramadol is recommended for the management of acute
and chronic pain of moderate to moderately severe intensity as-
sociated with a variety of conditions, including osteoarthritis, fi-
bromyalgia, diabetic neuropathy, neuropathic pain, and even peri-
operative pain in human patients.266–268

A study published in 2003 compared the effects of intravenous
tramadol and morphine administered prior to ovariohysterectomy
in dogs.269 In this particular study, tramadol was comparable to
morphine in its analgesic efficacy for this type of surgical pain.
Clearly, additional studies are necessary before definitive therapeu-
tic recommendations can be made for the management of perioper-
ative pain in a variety of species. There are also anecdotal reports of
singular oral tramadol administration for the management of
chronic pain in dogs and cats when NSAID usage is contraindicated
because of advanced renal disease. Because of its inhibitory effect
on 5-hydroxytryptamine uptake, tramadol should not be used in pa-
tients that may have received monoamineoxidase inhibitors
(MAOIs) such as selegiline (see also the section on meperidine) or
in those patients with a recent history of seizure activity.
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Introduction
No injectable anesthetic produces all of the components of gen-
eral anesthesia without depressing some vital organ function.
Because the available drugs have rather selective actions within
the central nervous system (CNS), combinations of drugs are
necessary to provide surgical anesthesia without depressing vital
functions. Other than ketamine, intravenous anesthetics generally
provide only the mental depression of the anesthetic state.
Additional analgesics, inhaled anesthetics, and/or muscle relax-
ants are required to provide and maintain all of the components
of general anesthesia. Thus, drugs discussed in this chapter have
been variously described as sedatives, hypnotics, anxiolytics, and
incomplete anesthetics. The terms sleep, hypnosis, and uncon-
sciousness have often been used interchangeably in describing

the drug-induced sleep produced by these drugs. Characteristics
of the ideal injectable anesthetic are listed in Table 11.1.

Injectable drugs are used to induce an unconscious state or are
administered by repeated injection and infusion to maintain the
mental depression necessary for anesthesia. In recent years, more
specific and controllable compounds that provide hypnosis, anal-
gesia, and muscle relaxation have been developed (e.g., propo-
fol). Total intravenous anesthesia refers to the production of gen-
eral anesthesia with injectable drugs only. The advantage of total
intravenous anesthesia is its facility to provide each component
of anesthesia with a dose of a specific drug. In contrast, inhala-
tion anesthetics increase or decrease the intensity of all compo-
nents of anesthesia (CNS depression, analgesia, and muscle re-
laxation) simultaneously, including their unwanted side effects.
The search for new drugs and combinations with appropriate
pharmacokinetic-pharmacodynamic profiles for use in domestic
and wild animals is ongoing. In animals, unlike in people, a state
approaching general anesthesia is not achievable with the use of
opioids alone. Consequently, in veterinary anesthesia, opioids
have been primarily used as analgesics perioperatively and as
anesthetic adjuncts to induce a state of neuroleptanesthesia and
are not employed alone as intravenous anesthetics. Because the
dissociatives have such a widespread use in domestic, feral, and
wild species, and are commonly combined with a variety of other
drugs, they are discussed in Chapter 12.

Structure-Activity Relationships
Structure-activity relationships are descriptions of the way mod-
ifications of chemical structure affect pharmacological activity.
The addition, modification, or removal of functional groups on
the fundamental structure of a drug lends it physiochemical prop-
erties that alter its ability to access its site of action (receptor) and
determines the effect it has on the receptor and cellular function
(intrinsic activity). The structure-activity relationships of anes-
thetic induction drugs have been reasonably described.

Modification of the structure of barbituric acid converts the in-
active compound into a hypnotic. The addition of aliphatic side
chains in position 5 and 5� produces hypnotic activity. The length
of the side chains influences the duration of action, as well as po-
tency. Replacement of the oxygen atom in position 2 of an active
barbiturate with a sulfur atom produces a drug with a faster onset
and a shorter action (e.g., thiopental or thiamylal). An active bar-
biturate methylated in position 1 produces a drug with a rapid
onset and short action at the expense of excitatory side effects
(e.g., methohexital). Generally, any modification that increases
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lipophilicity will increase a drug’s potency and rate of onset and
shorten its action.

Several imidazoles have hypnotic activity. This activity in such
a molecule requires an alkyl branched carbon atom between the
aryl moiety and the imidazole nitrogen and an ester moiety.
Etomidate is the most widely used imidazole anesthetic deriva-
tive. Propofol is a diortho-substituted phenol with strong hyp-
notic actions. Sleep time increases with side-chain length.
Potency increases with the length of the side chain up to a total
of seven to eight carbon atoms. Longer chains decrease potency,
while induction and recovery times are prolonged. The arylcy-
cloalkylamines, of which ketamine is a derivative, derive their
anesthetic activity from a cyclohexanone ring geminally substi-
tuted with an aromatic ring and a basic nitrogen. The potency of
these compounds is influenced by substitution on the nitrogen,
but their pharmacological activity is unaffected.

An often-overlooked aspect of structure-activity relationships
is the role of stereoisomerism to biological activity. Except for
the asymmetrical centers, the stereoisomers of a given molecule
are physically and chemically identical. Nevertheless, activity is
predicated on the active stereoisomer of a given neurotransmitter,
hormone, or drug interfacing with the chiral active center of a re-
ceptor or enzyme. Because side effects are often caused by non-
specific action of drugs, the inactive stereoisomer can contribute
to side effects of racemic mixtures. Some isomers may have the
opposite effect on a receptor or enzyme than that of the active
isomer. Several barbiturates have asymmetrical carbon atoms
with isomers of varying potency. Nevertheless, all barbiturates
are marketed as racemic mixtures. The (+) isomer of etomidate
has hypnotic activity and is the only anesthetic to be marketed as
a single active isomer. The stereoisomers of ketamine vary in
their hypnotic and analgesic potency, with the (+) isomer being
threefold more potent than the (�) isomer. The (�) isomer pro-
duces more untoward emergence reactions. Nevertheless, keta-

mine is marketed as a racemic mixture. Neither propofol nor the
benzodiazepines have asymmetrical carbon atoms.1

Mechanisms of Action
The complexity of the CNS has contributed to the lack of a full
understanding of the mechanisms of action of injectable anes-
thetic drugs. No drug has a single action. Some theories suggest
that anesthetics alter cell membranes. Other theories emphasize
interaction with neurotransmitter-receptor-ionophore systems.
Considerable evidence suggests that most injectable anesthetics
alter �-aminobutyric acid (GABA)–mediated neurotransmission.
GABA is an inhibitory neurotransmitter that activates postsynap-
tic receptors that, in turn, increase chloride conductance, thus hy-
perpolarizing and inhibiting the neuron. The specific mechanism
of action of each injectable anesthetic will be described subse-
quently in this chapter.

Barbiturate Drugs
Barbituric acid was first prepared by Conrad and Gutzeit in 1882.
In 1903, Fischer and von Mering introduced a derivative, diethyl
barbituric acid (veronal or barbital), for use as a hypnotic.
Fischer is believed to have named the drug veronal from the
Latin vera, because he thought it to be the “true” hypnotic.

Chemical Structure
The barbiturates all contain a pyrimidine nucleus produced by
the condensation of malonic acid and urea (Fig. 11.1). Barbituric
acid itself has no hypnotic activity. Substituting alkyl or aryl
groups on the R1 or R2 positions (Fig. 11.2) produces various
compounds with hypnotic activity. Replacement of the oxygen
atom in position X by a sulfur atom produces the ultra-short-
acting thiobarbiturates.
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Table 11.1. Characteristics of an ideal injectable anesthetic.

III. Physiochemical and pharmacokinetic
a. Water soluble
b. Long shelf life
c. Stable when exposed to light
d. Small volume required for induction of anesthesia

III. Pharmacodynamics
a. Minimal individual variation
b. Safe therapeutic ratio
c. Onset, one vein to brain circulation time
d. Short duration of action
e. Inactivated to nontoxic metabolites
f. Smooth emergence
g. Absence of anaphylaxis
h. Absence of histamine release

III. Side effects
a. Absence of local toxicity
b. No effect on vital organ function, except anesthetically

desirable effects on the central nervous system

Fig. 11.1. Formation of barbituric acid from urea and malonic acid.

Fig. 11.2. General formula of the barbiturates.
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Substituted R1-R2 derivatives of barbituric acid behave as
weak acids and unite with fixed alkalies to form soluble salts.
These salts hydrolyze in water to varying degrees and form alka-
line solutions. Those commonly employed in veterinary medi-
cine have a pH of 10 or above, and for this reason may cause se-
vere tissue damage and slough if injected perivascularly in any
appreciable quantity.

Classification
The barbiturates have been classified into four groups according
to duration of action (Fig. 11.3 and Tables 11.2 and 11.3): long,
intermediate, short, and ultrashort. All of those used for clinical
anesthesia fall in the short or ultrashort classification, whereas
those used for sedation or control of convulsions are of long or
intermediate action.
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Table 11.2. Names, status, chemical structures, duration of action, and excretion of the barbiturates

Organ of 
Commercial Degradation

Names or Duration and/or
Barbiturate Status Synonyms R1 R2 R3 X of Action Excretion

Allylbarbituric acid NF Sandoptal allyl isobutyl H O Intermediate III
Amobarbital USP Amytal ethyl isoamyl H O Intermediate III
Aprobarbital NF Alurate allyl isopropyl H O Intermediate II
Barbital NF Veronal Barbitone ethyl ethyl H O Long I
Butabarbitala NNR Butisol ethyl sec-butyl H O Intermediate —
Butallylonala NF Pernoston 2-bromallyl sec-butyl H O Intermediate II
Butethal NF Neonal ethyl n-butyl H O Intermediate II
Cyclobarbital NF Phanodorn ethyl cyclohexenyl H O Short II
Cyclopal — — allyl cyclopentenyl H O Short II
Diallylbarbituric acid NF Dial allyl allyl H O Long II
Hexethala NNR Ortal ethyl n-hexyl H O Intermediate III
Hexobarbitalb NF Evipal Hexobarbitone methyl cyclohexenyl CH3 O Ultrashort IV
Kemithalb — — allyl cyclohexenyl H S Ultrashort IV
Mephobarbital NF Mebaral ethyl phenyl CH3 O Long II
Pentobarbital USP Nembutal ethyl 1-methylbutyl H O Short III
Phenobarbital USP Luminal ethyl phenyl H O Long I

Phenobarbitone
Probarbitala NF Ipral ethyl isopropyl H O Intermediate III
Propallylonal — Nostal isopropyl 2-bromallyl H O Intermediate III
Secobarbitala USP Seconal allyl 1-methylbutyl H O Short III
Thiamylalb NNR Surital allyl 1-methylbutyl H S Ultrashort IV
Thiopentalb USP Pentothal ethyl 1-methylbutyl H S Ultrashort IV
Vinbarbitala NF Delvinal ethyl 1-methyl-1-butenyl H O Intermediate II

aEmployed principally as the sodium salt.
bUsed for intravenous anesthesia, as sodium salt.
I Mainly excreted by kidney.
II Degraded by liver and excreted by kidney.
III Degraded by liver.
IV Absorbed by body fat, degraded by liver, and excreted by kidney.
Adapted from Goodman and Gilman.134

Fig. 11.3. Time of appearance, duration of anesthesia, and time
needed for complete disappearance of symptoms after oral adminis-
tration of equivalent single anesthetic doses in animals. From Jones
et al.139
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General Pharmacology
Racemic mixtures of the barbiturates are used both as hypnotics
and as general anesthetics. The principal effect of a barbiturate is
depression of the CNS by interference with passage of impulses
to the cerebral cortex. Barbiturates act directly on CNS neurons
in a manner similar to that of the inhibitory transmitter GABA.
At clinical drug concentrations, barbiturates have two mecha-
nisms of action at GABAA receptors. At lower concentrations,
barbiturates exert a GABA-mimetic effect by decreasing the rate
of dissociation of GABA from the GABAA receptor.2,3 At in-
creasing drug concentrations, barbiturates directly activate the
chloride-ion channel associated with the GABAA receptor.4,5 The

GABA-mimetic effects of barbiturates are thought to produce
their sedative hypnotic effects, whereas the direct chloride-ion
channel activation produces their anesthetic effects. Barbiturates
also inhibit the synaptic actions of some excitatory neurotrans-
mitters such as glutamate and acetylcholine.6–8 The role of this
action in the production of the anesthetic state remains uncertain.

Ganglionic transmission is approximately 20 times more sen-
sitive to pentobarbital than is axonal conduction.9 The fast exci-
tatory postsynaptic potential (EPSP) is approximately 10 times
more sensitive to pentobarbital than are the slow potentials (slow
EPSP and slow inhibitory PSP). Phenobarbital also exerts some
degree of selectivity toward the fast EPSP. Anesthetic concentra-
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Table 11.3. Historical and clinical data of the oxybarbiturates and thiobarbiturates.

Oxybarbiturates

Agent Generic Name Pentobarbital Secobarbital Hexobarbital

Trade name Nembutal Seconal Evipal
Sodium Sodium Sodium

Registered by Abbott Registered by Registered by 
Laboratories Eli Lilly Parke, Davis

Chemical name Sodium Sodium Sodium
5-ethyl-5(1-methylbutyl)- 5-allyl-5-(1-methylbutyl)- 1,5-dimethyl-5-(1-cyclohexenyl)-

barbiturate barbiturate barbiturate

Formula C11H17N2O3 C12H17N2O3 C12H15N2O5

Na Na Na

Discovery of compound 1930 by Volwiler 1930 by Shonle 1932 by Krepp and Taub

Discovery of anesthetic or 1930 by Volwiler and Tabern 1931 by Swanson 1932 by Weese and Scharpff
relaxant properties

Type of compound 5-Substituted barbiturate 5-Substituted barbiturate N-substituted barbiturate

Molecular weight 248.26 260.27 258.25

Buffer employed None None None

Preservative or stabilizing None Phenol, 0.25%, and poly- None
agent used ethylene glycol 200, 50%

Thermostability Precipitates on heating Precipitates on heating Free acid melts at 146°C

Chemostability Solution stable indefinitely Solution stable up to 18 months Solution stable for 48 h if tightly 
in sealed container; decom- stoppered
poses on exposure to air

Onset of action 30–60 s 30–60 s 30–60 s

Duration of action 1–2 h 1–2 h 15–30 min

Route and/or organ of Detoxified by the liver Detoxified by the liver Detoxified by the liver
detoxification or elimination

Usual mode of administration Intravenous, intrathoracic, Intravenous Intravenous
intraperitoneal

Specific pharmacological Yohimbine plus 4-aminopyridine will partially antagonize pentobarbital and probably other barbiturates.
antagonist Oxygen administration and artificial respiration are recommended in respiratory arrest.

Solution pH 6% mixture 5% mixture 2.5% mixture
(10.0–10.3) (9.8–10.1) (8.5–10.5)

Adapted from data compiled by Dr. W. H. L. Dornette and published by the Ohio Chemical and Surgical Equipment Company.



tions of pentobarbital selectively block the fast EPSP. A selective
postsynaptic block of the nicotinic action of acetylcholine also
occurs and may account for the anesthetic-depressant effects of
pentobarbital on ganglionic transmission. This selective depres-
sion on the nicotinic action of acetylcholine could occur by var-
ious molecular mechanisms, for example, by altering the binding
of acetylcholine.

In hypnotic doses, the barbiturates have little effect on respira-
tion, whereas, in anesthetic doses, respiration is depressed.
Overdosage produces respiratory paralysis and death. With anes-
thetic doses, there is cardiovascular depression, both centrally
and peripherally, with a fall in blood pressure. In hypnotic doses,

barbiturates have little effect on the basal metabolic rate. With
anesthetic doses, basal metabolism is depressed, resulting in low-
ered body temperature.

Following barbiturate administration, leukocyte counts de-
crease in normal and splenectomized dogs.10 Packed cell volume
also decreases in nonsplenectomized dogs, presumably owing to
splenic sequestration of red blood cells. There is no significant
change in the differential counts (Tables 11.4 and 11.5).

The oxidation of pentobarbital, hexobarbital, and amobarbital
is noncompetitively inhibited by halothane, methoxyflurane, and
diethyl ether.11 Saturation of the enzyme system by the anes-
thetic appears responsible. Chloramphenicol, a microsomal in-
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Oxybarbiturates (cont.) Thiobarbiturates

Methohexital Thiamylal Thiopental Thialbarbitone

Brevital Surital Pentothal Kemithal 
Sodium Sodium Sodium

Registered by Eli Lilly Registered by Parke, Davis Registered by Abbott Registered by Fort Dodge 
Laboratories Laboratories

Sodium Sodium Sodium Sodium
a-dl-1-methyl-5-allyl-5- 5-allyl-5-(1-methylbutyl)- 5-ethyl-5-(1-methylbutyl)- 5-allyl-5-(2-cyclohexenyl)-

(1-methyl-2-pentynyl)- 2-thiobarbiturate 2-thiobarbiturate 2-thiobarbiturate
barbiturate

C14H17N2O3 C12H17N2O2 C11H17N2O2 C13H15N2O2

Na SNa SNa SNa

1955 by Doran 1929 by Dox 1929 by Taburn and Volwiler 1938 by Carrington

1955 by Gibson 1933 by Gruhzit 1933 by Tatum 1946 by Carrington and 
Raventos

N-5-substituted barbiturate 5-Substituted thiobarbiturate 5-Substituted thiobarbiturate 5-Substituted thiobarbiturate

284.0 276.33 264.23 286.3

Sodium carbonate 6% Sodium carbonate 6% Sodium carbonate None

None None None None

Deteriorates when boiled Precipitates when boiled Precipitates when boiled Thermolabile

Solution stable at room Solution stable for 48–72 h Solution stable for 48–72 h Solution stable 7 days; 
temperature for if tightly stoppered if tightly stoppered indefinitely, if frozen
6 months

10–30 s 20–30 s 20–30 s 20–30 s

5–15 min 10–15 min 10–15 min 15–45 min

Detoxified by the liver Absorbed by fat and detoxified Absorbed by fat and detoxified Absorbed by fat and detoxified
by the liver by the liver by the liver 

Intravenous Intravenous Intravenous Intravenous, intrathoracic, 
intraperitoneal 

Yohimbine plus 4-aminopyridine will partially antagonize pentobarbital and probably other barbiturates. Oxygen administration and artificial 
respiration are recommended in respiratory arrest.

5% mixture 2.5% mixture 2.5% mixture 10% mixture
(10.4–11.4) (10.5–11.0) (10.5–11.0) (10.6)



hibitor, can markedly prolong recovery from pentobarbital anes-
thesia.

Barbiturates administered during the prenatal period can pro-
duce permanent alterations in sexual maturity of hamsters and
rats,12,13 and perhaps an increased incidence of congenital mal-
formations in humans.14,15

Distribution
Barbiturates diffuse throughout the body, penetrating cell walls
and crossing the placenta. The extent of ionization, lipid solubil-
ity (partition coefficient), and protein binding are the three most
important factors in distribution and elimination of barbiturates.

Barbiturates are sodium salts of barbituric acid derivatives.
When dissolved in water, they ionize. The degree of ionization is
determined by the pH of the solution and the dissociation constant
(pKa) of the agent. This dissociation constant is the pH at which
the compound exists in equal quantities in the dissociated (ionized
or polar) and undissociated (nonionized or nonpolar) forms (Fig.
11.4). For a barbiturate to penetrate the lipoid layer of cell mem-
branes, it must be in the undissociated or nonpolar form (Fig.
11.5). The more acidic the solution is containing the drug, the
more undissociated form that exists and the greater the amount
that can penetrate cell membranes to produce deeper anesthesia.

The reverse is also true: The more alkaline the solution is, the
greater the dissociation and the lesser the cell penetration.

At a blood pH of 7.4, a barbiturate assumes a “normal” distri-
bution within the cells of the CNS and produces the desired de-
gree of anesthesia. A change in blood pH, however, may lead to
a change in the depth of anesthesia. An increase in acidity, such
as commonly occurs with respiratory or metabolic acidosis, in-
creases the depth. An increase in alkalinity, caused by hyperven-
tilation or administration of alkalinizing agents, increases disso-
ciation, and barbiturate migrates outward from the cells to the
plasma, and anesthesia will lighten.16 Alkalinization of the urine
also decreases tubular reabsorption.

The undissociated form has a high affinity for nonpolar sol-
vents. This varies between compounds, as shown in Table 11.6.
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Table 11.4. Leukocyte counts and packed cell volumes (PCVs) in 12 dogs after barbiturate anesthesia.

Pentobarbital Thiopental Thiamylal Methohexital

Leukocytes Leukocytes Leukocytes Leukocytes
Time in minutes � 103 PCV, % � 103 PCV, % � 103 PCV, % � 103 PCV, %

�30 13.7 ± 1.5a 50 ± 1.2 12.4 ± 1.0 49 ± 1.2 12.5 ± 1.1 48.5 ± 1.5 13.4 ± 1.4 50 ± 1.4
Anesthesia begins 13.6 ± 1.5 48 ± 1.5 12.2 ± 0.9 47 ± 1.0 12.7 ± 1.0 48 ± 1.2 13.5 ± 1.4 49 ± 1.1
+30 10.8 ± 1.3 40 ± 1.2 10.8 ± 1.0 40 ± 1.4 10.8 ± 1.0 41 ± 1.2 10.9 ± 1.2 42 ± 0.7
+60 10.9 ± 1.3 40 ± 1.5 10.7 ± 0.9 40 ± 1.6 10.1 ± 1.0 41 ± 1.4 11.0 ± 1.4 42 ± 1.0
+120 10.7 ± 1.4 40 ± 1.4 10.9 ± 1.1 42 ± 1.6 10.3 ± 1.1 43 ± 1.2 11.1 ± 1.2 44 ± 1.0
+180 10.8 ± 1.3 41 ± 1.0 11.3 ± 1.2 42 ± 1.3 10.7 ± 1.1 43 ± 1.2 10.9 ± 1.4 44 ± 1.1

aMean ± standard deviation.
From Usenik and Cronkite.10

Table 11.5. Leukocyte counts and packed cell volumes (PCVs) in
six splenectomized dogs (two trials per dog) after pentobarbital
anesthesia.

Time in Minutes Leukocytes � 103 PCV, %

�30 14.2 ± 1.0a 46.5 ± 1.6
Anesthesia begins 13.9 ± 1.0 46 ± 1.9
+30 11.6 ± 1.1 45 ± 1.8
+60 11.2 ± 1.0 45 ± 1.8
+120 11.0 ± 1.1 45 ± 1.8
+180 11.0 ± 1.0 45 ± 1.9

aMean ± standard deviation.
From Usenik and Cronkite.10

Fig. 11.4. Dissociation of barbiturates.

Fig. 11.5. Barbiturate dissociation. Cell membrane is permeable
only to undissociated (nonionized) barbiturate.
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The highly lipid-soluble agents have a rapid onset and are short-
acting. They are rapidly metabolized and also easily reabsorbed
by the kidney tubules.

A reversible bond develops to plasma proteins, chiefly albu-
min, the degree of which agrees roughly with the partition coef-
ficient. Because cerebrospinal fluid is practically protein free, it
contains less barbiturate than does plasma (Table 11.7). Organ
tissues contain a slightly higher level of barbiturate, whereas fat
contains very high concentrations. Highly lipid-soluble com-
pounds penetrate brain tissue quite rapidly, reaching equilibrium
with two or three circulations of blood. Gray matter of the brain
is penetrated rapidly, with white matter being slower to reach
equilibrium (Table 11.8).

Barbiturate anesthesia is terminated by physical redistribution,
metabolic degradation, and renal excretion. Again, the solubility
coefficient dictates the chief route of elimination. Short-acting
agents with a high solubility coefficient are largely reabsorbed
from the kidney tubules. Their action ceases when they are meta-
bolically transformed into inactive substances, principally in the

liver. Long-acting agents with low lipid solubility are chiefly ex-
creted through the kidneys. As much as 85% of barbital and
phenobarbital may be recovered from the urine over several days
following administration.17 The short-acting barbiturates (pento-
barbital, amobarbital, and secobarbital) are destroyed principally
by the liver. Their rapid destruction in the body accounts for their
shorter action. With anesthetic-inducing doses ultra-short-acting
barbiturates are quickly redistributed, accounting for their short
action. Thiobarbiturates are not metabolized more rapidly than
the oxybarbiturates.
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Table 11.6. Barbiturates: relation between physicochemical factors, distribution, and fate.

Plasma Brain Delay in Excreted Degradation
Partition Protein Protein Onset of by by

Barbiturate Coefficienta Bindingb Bindingc Activityd Kidneye Liver Slicesf pKag

Barbital 1 0.05 0.06 22 65–90 — 7.8
Phenobarbital 3 0.20 0.19 12 30 — 7.3
Pentobarbital 39 0.35 0.29 0.1 — 0.21 8.0
Secobarbital 52 0.44 0.39 0.1 — 0.28 7.9
Thiopental 580 0.65 0.50 — — 0.38 7.4

a(Concentration in methylene chloride): (concentration in aqueous phase) of the nonionized form at approximately 25°C.
bBinding of 0.001 M barbituric acid by 1% bovine serum albumin in M/15 phosphate buffer at pH 7.4; fraction bound.
cFraction of barbiturate bound by rabbit brain homogenates.
dMinutes until anesthesia after intravenous injection in mice.
eApproximate percentage of total dose excreted unchanged in urine of humans.
fFraction degraded in vitro by liver slices in 3 h.
gIonization exponent at 25°C.
From Goodman and Gilman.135

Table 11.7. Rates of passage of drugs from bloodstream into the
cerebrospinal fluid of dogs and degrees of ionization of drugs 
at pH 7.4.

Heptane-Water 
% Partition Coefficient 

Nonionized Permeability of Unionized
Drug at pH 7.4 Coefficienta Form of Drug

Barbital 55.7 0.026 0.002
Thiopental 61.3 0.50 3.3
Pentobarbital 83.4 0.17 0.05

aThe higher the permeability coefficient, the more rapid is the rate of
entry into the CSF.

From Shanker.136

Table 11.8. Influence of carbon dioxide on penetration of brain by
drugs.

Concentration in the Brain

Hypercapnic Hypocapnic Relative
Area Acidosis Alkalosis Penetration 

Urea (1 h)
Gray 0.40 0.16 2.50
White 0.12 0.05 2.40 

Phenobarbital (1/2 h) 
Gray 1.20 0.72 1.67
White 1.08 0.40 2.70 

Salicylic Acid (1 h) 
Gray 0.44 0.11 4.00
White 0.38 0.04 9.50

Concentration in brain is expressed as a fraction of levels in plasma (rela-
tive penetration is brain fractions under conditions of hypercapnia to brain
fraction under conditions of hypocapnia). Note the disproportionate in-
crease in penetration of white matter by salicylic acid under conditions of
hypercapnia. Gray, cerebral cortex; white, cerebral white matter.

From Roth and Barlow.137 Copyright 1961 by the American Association
for Advancement of Science.



The “Glucose Effect”?
A unique reanesthetizing action, termed the glucose effect, has
been observed in animals recovering from barbiturate anesthesia
that were subsequently given glucose. A species variation in sus-
ceptibility to this effect has been demonstrated: Guinea pigs,
chickens, pigeons, rabbits, and hamsters are susceptible; dogs are
intermediate; and mice, rats, goldfish, and tadpoles are refractory
or negative. Intermediates in the glycolysis of glucose and in the
Krebs cycle have been shown to have the same effect. The glu-
cose effect presumably occurs with most barbiturates and thio-
barbiturates, but not with inhalation or other anesthetics. Glucose
causes a decrease in activity of the components of the microso-
mal electron chain, resulting in decreased microsomal metabo-
lism.18 A study on the glucose effect on respiration and elec-
troencephalogram in dogs following pentobarbital administration
found no evidence of significant deepening of anesthesia as
judged by cortical depression, decreasing rate or depth of respi-
ration, or a decrease in minute volume.19

Epinephrine given intravenously (IV) to dogs or mice also
causes a return of sleep on awakening from hexobarbital or chlo-
ral hydrate anesthesia. Norepinephrine is less effective in produc-
ing this effect.20 This phenomenon presumably is caused by in-
creased glucose levels in the blood and should be remembered
when the use of epinephrine is considered in barbiturate-
anesthetized dogs. The effect of glucose, sodium lactate, and ep-
inephrine on thiopental anesthesia in dogs has also been studied
(Table 11.9). The glucose effect does not appear to be of practi-
cal concern as long as these drugs are used in therapeutic doses.21

Therapeutic Uses
Barbiturates are used to induce sedation and hypnosis, as anti-
convulsants, and as anesthetics. Their use as sedatives and hyp-
notics in low doses has been supplanted, in most instances, by
tranquilizers. The ability of barbiturates to depress the motor cor-
tex has been used to treat convulsions associated with poisoning,
particularly strychnine, “running fits,” distemper encephalitis,
and overdosage of local anesthetics. In modern veterinary medi-
cine, the thiobarbiturates are primarily used as induction agents
or short-acting anesthetics, whereas pentobarbital is now used
sparingly because of its propensity to cause prolonged, rough re-
coveries when administered in anesthetic doses.

Addiction
Although barbiturate addiction can be produced in animals, it is
by its very nature self-limiting; however, in humans, repeated
oral use of barbiturates as soporifics or sedatives may become
habit forming. For this reason, legislation in many countries pro-
hibits use of these drugs without a prescription. Veterinarians
should be acquainted with applicable laws regarding the use and
sale of barbiturates to avoid infraction and to prevent liability.

Oxybarbiturates
Phenobarbital Sodium
Phenobarbital was synthesized in 1912 in Germany and marketed
under the trade name Luminal. It is a long-acting barbiturate, and
advantage has been taken of its prolonged action in treating var-

ious convulsive disorders (Fig. 11.3). In control of convulsions
caused by distemper encephalitis, it appears to be as effective as
any of the newer drugs and considerably cheaper. Because it is
excreted slowly in the urine, it tends to be cumulative. An oral
loading dose should be administered first, followed by a daily
maintenance dose. In average dogs (10 kg), this would be 60 mg
initially, followed by 15 mg three times a day. Overdosage causes
loss of motor coordination; when this occurs, the dose should be
reduced. Serial assays on serum, saliva, and cerebrospinal fluid
have shown considerable daily fluctuation in phenobarbital lev-
els, even after several weeks of therapy. The phenobarbital con-
centration increases gradually in the three fluids up to doses of
9.0 mg/kg. Serum or saliva assays can accurately indicate the
phenobarbital concentration in cerebrospinal fluid.22

In animals suffering from strychnine poisoning, phenobarbital
solution may be given IV to effect in the same manner as one
would administer pentobarbital sodium. Phenobarbital is a he-
patic microsomal enzyme inducer. Concomitant administration
of phenobarbital and digoxin can shorten the biological half-life
of the latter by approximately 30%.23

Pentobarbital Sodium
This drug came into general use as an anesthetic agent for dogs
and cats in the early 1930s and slowly supplanted ether adminis-
tered by open-mask methods as the anesthetic of choice. By
1940, its use was widespread. Today, it has largely been replaced
by inhalation and balanced anesthetic techniques.

Commercial preparations of pentobarbital are racemic mix-
tures. Administration of subanesthetic doses is often associated
with CNS stimulation and preanesthetic excitation. The R-isomer
of pentobarbital causes a transient period of hyperexcitability be-
fore depressing the CNS, whereas the S-isomer produces rela-
tively smooth and progressively deeper hypnosis.24 Evidence
suggests the S-isomer is more potent, possibly because of in-
creased uptake by the brain.25,26

280 ● Pharmacology

Table 11.9. Relative ability of glucose, sodium lactate, and
epinephrine to cause anesthetic rebounda in dogs recovering from
thiopental anesthesia.

Average
Dogs Given 

Dogs
Increase

Injections
Rebounded

in Sleep
Drug and Dosage (No.) (No.) % Time (%)

Glucose, 600.0 18 2 11.1 47.9
mg/kg

Sodium lactate, 18 7 38.9 48.9
60.0 mg/kg

Epinephrine, 13 11 84.6 38.8
0.1 mg/kg

Saline solution, 12 0 0 0
1.0 mL/kg

aApparent reanesthetization as indicated by loss of voluntary and invol-
untary movements and possible loss of pedal reflexes.

From Hatch.21



Pentobarbital sodium occurs as a white powder or crystalline
granules. It is freely soluble in water or alcohol. It forms a clear,
colorless solution that is marketed under several trade names.
Aqueous solutions have an alkaline pH and may precipitate on
standing, but the drug can be redissolved by addition of an alkali
such as sodium hydroxide. The calculated dose for dogs and cats
is 30 mg/kg of body weight; however, it should be emphasized
that pentobarbital is given to effect. Following a single intra-
venous dose of pentobarbital, arterial blood pressure decreases.
The heart rate increases for 10 to 20 min and then stabilizes or
decreases. Cardiac output is variable, whereas peripheral vascu-
lar resistance increases (Fig. 11.6).

The cardiovascular effects of prolonged pentobarbital (2.5 h)
anesthesia in dogs have been assessed. Systolic blood pressure,
initial ventricular impulse, stroke volume, pulse pressure, central
venous pressure, arterial oxygen partial pressure, pH, and body
temperature all decrease after anesthetic doses of pentobarbital.
Heart rate, arterial carbon dioxide partial pressure, and peripheral
resistance increased after 1.5 h. Cardiac output eventually de-
creases. Mean arterial pressure significantly decreases during in-
duction, but usually returns to awake values in approximately 30

min (Table 11.10).27 Intravenous pentobarbital administration al-
ters myocardial function and distribution of blood flow. In dogs,
it was found that intravenous pentobarbital decreases contractile
force by 17.4%, arterial blood pressure by 4.8%, and renal blood
flow by 8.4%, while increasing cardiac output by 4.8% and supe-
rior mesenteric artery flow by 14.1%. The decreased arterial
blood pressure was believed to be caused by vasodilation of
major vascular beds, and the increased cardiac output to be
caused by increased venous return.28 Respiration is initially de-
pressed and gradually increases during recovery.29

Light pentobarbital anesthesia has little influence on renal he-
modynamics. Deep anesthesia depresses renal function, both
blood and urine flow, by circulatory depression and also by reflex
vasoconstriction. Pentobarbital inhibits water diuresis by stimu-
lating release of antidiuretic hormone.30

Leukopenia is found in dogs anesthetized with pentobarbital.31

Leukocyte counts drop to 20% of control values (Fig. 11.7).
Although the absolute differential white cell count decreases,
there is a relative lymphocytosis that reaches its peak at 90 min
and then returns to normal. Red cell numbers decrease also.
Hemoglobin and hematocrit values show corresponding changes.
Pentobarbital, amobarbital, and thiopental administration dilates
the spleen, which presumably accounts for the decrease in ery-
throcytes via the sequestration of red blood cells.32 Maximum di-
lation usually occurs 20 to 30 min after injection of the anesthetic.
Sedimentation rate and coagulation time are both increased,
whereas prothrombin time is decreased. Oral administration of
pentobarbital sodium in sedative doses does not affect the blood
constituents in the same fashion.

In some animals, the effect produced by high doses of pento-
barbital is difficult to differentiate from shock. The size of the
dose and method of its administration are the major factors in
variation of response to pentobarbital. Individual variations un-
doubtedly exist. Roughly one of four animals given a dose of 30
mg/kg develops side effects that mimic some phase of shock.33

On intraperitoneal administration, the peak concentration in
the blood is reached more slowly than with intravenous injection,
and the portion of drug absorbed into the portal system is sub-
jected to early destruction in the liver. When a 2.5% aqueous so-
lution is given intraperitoneally in a dose of 30 mg/kg of body
weight, anesthesia is not accompanied by impaired renal func-
tion, and arterial blood pressure increases.34 When given radiola-
beled pentobarbital orally, dogs excrete about 60% of the total
dose in the urine during the first 24 h.35 Over 92% is excreted as
metabolic products derived from the drug, and only 3% is in the
form of pentobarbital. Pentobarbital elimination from the blood
of both intact and bilaterally nephrectomized dogs is similar be-
cause elimination is totally dependent on biotransformation of
pentobarbital by the liver.36 The absence of renal function per se
does not seem to alter the pharmacokinetics of pentobarbital;
however, the sensitivity of a patient to the action of barbiturates
may be increased by uremia. This phenomenon is probably
caused by the decreased capacity of plasma protein to bind acidic
drugs.

Pentobarbital freely crosses the placental barrier and enters the
fetus. For this reason, its use as a monoanesthetic (high dose) for
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Fig. 11.6. Long-term changes from pentobarbital in six dogs. Note
the large and abrupt increase in heart rate and decrease in stroke vol-
ume at the onset of the experiments. CO, cardiac output; HR, heart
rate; MAP, mean arterial pressure; PR, peripheral resistance; and SV,
stroke volume. From Olmsted and Page.140.
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cesarean section causes high mortality among newborns.
Neonates can be viable at birth, but usually do not recover from
anesthesia and cannot nurse.

The duration of surgical analgesia with anesthetizing doses of

pentobarbital varies widely with individual animals, averaging
about 30 min. Complete recovery usually occurs in 6 to 18 h.
Occasionally, animals, particularly cats, may not rouse for as
long as 24 to 72 h.

Pentobarbital is no longer used in North America to produce
anesthesia in most small companion animals, cattle, and horses,
owing to the prolonged recovery period and marked respiratory
depression. It has been administered by slow intravenous injec-
tion (15 to 30 mg/kg) in foals and young cattle. Because of pro-
longed recovery, pentobarbital should not be administered to an-
imals younger than 1 month of age. In adult cattle, anesthesia has
been induced with 14 mg/kg IV; half of the dose is injected rap-
idly, the animal is positioned on its sternum, and the remainder is
injected slowly to effect.37 Pentobarbital has also been adminis-
tered with chloral hydrate or thiopental sodium to induce anes-
thesia in adult horses38 and in goats before administration of in-
halant anesthetics.39

The intravenous anesthetic dose in adult goats is 30 mg/kg,
which maintains anesthesia for approximately 20 min. Anes-
thesia can be maintained by doses of 6 to 36 mg · kg�1 · h�1 of
pentobarbital. The induction and intubation dose ranges from 10
to 42 mg/kg. A similar technique for intravenous pentobarbital in
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Table 11.10. Cardiovascular responses to pentobarbital anesthesia in 12 dogs.

Time After Pentobarbital Administration

Parameters Control 0 ha 0.5 h 1 h 1.5 h 2 h 2.5 h

Systolic blood pressure 142 ± 3 116 ± 5c 123 ± 4c 121 ± 3c 122 ± 3c 124 ± 3c 130 ± 3c

(mm Hg) 100%b 82 ± 3 87 ± 3 86 ± 3 86 ± 2 88 ± 2 92 ± 2
Mean blood pressure 108 ± 4 95 ± 4c 104 ± 4 106 ± 3 108 ± 2 111 ± 3 117 ± 3

(mm Hg) 100% 89 ± 4 97 ± 4 99 ± 4 101 ± 3 104 ± 4 109 ± 4
Diastolic blood pressure 83 ± 3 80 ± 4 89 ± 4 93 ± 3c 95 ± 2c 90 ± 3c 105 ± 3c

(mm Hg) 100% 98 ± 5 109 ± 5 115 ± 6 117 ± 5 122 ± 6 127 ± 6
Pulse pressure (mm Hg) 59 ± 2.6 36 ± 2.4c 34 ± 1.9c 28 ± 2.2c 27 ± 1.9c 26 ± 1.3c 25 ± 1.4c

Central venous pressure +1.44 ± 0.7 +0.14 ± 0.4c –0.4 ± 0.4c –1.00 ± 0.5c –1.25 ± 0.5c –1.08 ± 0.5c –1.55 ± 0.6c

(mm Hg)
Heart rate (beats/min) 96 ± 5 157 ± 5c 153 ± 7c 157 ± 8c 141 ± 7c 135 ± 7c 146 ± 10c

100% 167 ± 9 165 ± 11 168 ± 9 155 ± 10 146 ± 11 157 ± 12
Initial ventricular 7 ± 0.4 9 ± 0.4c 9.8 ± 0.5c 10.1 ± 1c 12.5 ± 0.9c 13.8 ± 1c 14.7 ± 0.9c

impulse (angle in °) 100% 130 ± 6 142 ± 8 147 ± 15 180 ± 11 193 ± 11 212 ± 11
Cardiac output (L/min) 1.734 ± 0.15 1.834 ± 0.14 1.811 ± 0.09 1.502 ± 0.11c 1.324 ± 0.12c 1.195 ± 0.10c 1.172 ± 0.09c

100% 111 ± 8 111 ± 8 90 ± 5 79 ± 6 71 ± 5 70 ± 5
Stroke volume 18.6 ± 2 11.8 ± 1c 12.3 ± 1c 10.1 ± 1c 9.5 ± 1c 9.4 ± 1c 8.9 ± 1c

(mL/beat) 100% 66 ± 4 68 ± 3 54 ± 2 51 ± 1 50 ± 3 47 ± 4
Total peripheral resistance 5287 ± 558 4574 ± 385 4819 ± 419 6200 ± 551 7370 ± 696c 8535 ± 942c 8864 ± 1928c

(dynes-s/cm5) 100% 91 ± 7 95 ± 6 124 ± 11 142 ± 8 163 ± 10 168 ± 8
PaO2 (mm Hg) 93.5 ± 3 60 ± 5c 70 ± 3c 73.5 ± 6c 70 ± 6c 77 ± 4c 75 ± 5c

100% 61 ± 5 72 ± 4 75 ± 7 80 ± 6 79 ± 5 76 ± 6
PaCO2 (mm Hg) 30.9 ± 0.8 40.9 ± 3c 44 ± 2c 41 ± 3c 38 ± 3c 38 ± 3c 38 ± 3c

100% 132 ± 9 141 ± 5 133 ± 8 121 ± 7 123 ± 9 123 ± 7
pH arterial 7.38 ± 0.01 7.27 ± 0.03c 7.27 ± 0.03c 7.29 ± 0.03c 7.30 ± 0.02c 7.30 ± 0.03c 7.32 ± 0.03c

Temperature (°C) 38.8 ± 0.2 38.7 ± 0.2c 38.5 ± 0.2c 38.1 ± 0.2c 37.9 ± 0.2c 37.6 ± 0.2c 37.4 ± 0.2c

a0, time values taken 3 to 5 min after intravenous pentobarbital.
bEach value indicates mean ± standard error with percent of control ± standard error below.
cDenotes statistically significant changes with P < 0.05.
From Priano et al.27

Fig. 11.7. The relative percentage change in white cell counts with
intravenous pentobarbital sodium anesthesia in 12 dogs as com-
pared with control levels in unanesthetized dogs. The relative per-
centage distribution of lymphocytes and granulocytes is shown on
the same scale. From Graca and Garst.31

FPO



sheep has been described.40 Like goats, sheep rapidly metabolize
pentobarbital, and additional doses are required to maintain anes-
thesia for periods longer than 20 to 30 min. The anesthetic dose
of pentobarbital sodium is approximately 25 mg/kg in adult
sheep. In all ruminants, immediate intubation to prevent aspira-
tion of regurgitated rumen contents is essential.

In swine, a 10- to 30-mg/kg dose of pentobarbital given IV
provides anesthesia for 15 to 45 min. If anesthesia is induced
until reflex response to surgical stimulation is abolished, respira-
tory depression is often severe, and apnea may occur.

Animals awakening from pentobarbital anesthesia tend to
exhibit the same signs as when they are anesthetized, except in
reverse order. These include crying, shivering, involuntary run-
ning movements, thrashing, increased respiratory movements
followed by recovery of the righting reflex, and, later, ability to
stand with a staggering gait. Because recovery is slow, without
preanesthetic medication these actions may become so exagger-
ated that the animal injures itself through contact with the 
cage or stall or causes wound disruption. Greyhounds are notable
for this effect. Show animals have been known to break teeth,
much to the embarrassment of the veterinarian. Administration of
a narcotic or a tranquilizer is indicated in cases of emergence
excitement. Yohimbine plus 4-aminopyridine will incompletely
antagonize pentobarbital-induced CNS depression in dogs pre-
anesthetized with atropine-xylazine or atropine–acepromazine.41

Methohexital Sodium
This is an ultra-short-acting barbiturate that is unique in that it
contains no sulfur atom. Its short duration owes more to redistri-
bution than to rapid metabolism. Blood concentrations necessary
to produce anesthesia are approximately one-half of those re-
quired with thiopental or thiamylal. According to the manufac-
turer, a double dose rapidly administered IV causes temporary
apnea. The lethal dose is said to be approximately 2.5 times
greater than the median anesthetic dose. Animals die of respira-
tory failure. Methohexital sodium is supplied as 500 mg of dry
powder in glass vials. It is diluted with water or normal saline to
form a 2.5% solution for injection. Solutions are said to be stable
for as long as 6 months at room temperature. The dose for dogs
or cats is 6 to 10 mg/kg of body weight. Half of the estimated
dose is injected IV at a rapid rate, following which administra-
tion is continued to effect. Surgical anesthesia for 5 to 15 min is
obtained by an initial injection. More prolonged anesthesia can
be maintained by intermittent administration or continuous drip.
Recovery is quick and may be accompanied by muscular tremors
and violent excitement, which detract from the usefulness of the
drug. Dogs are usually ambulatory 30 min after administration
ceases.

Methohexital has been used alone and with several preanes-
thetics in horses (Table 11.11). Even with preanesthetic sedation,
the recovery period is characterized by muscle tremors and strug-
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Table 11.11. Effect of methohexital sodium on the horse after premedication with morphine, meperidine, or promazine (using four horses
per treatment).

Induction Time (s) Duration (min) Time to Stand (min) 
Number of Horses

Premedication Mean Range Mean Range Mean Range and Type of Recoverya

None 26 23–32 4 3–5.5 21 15–29 4 +++

Meperidineb 18 10–25 6 3–16 18 11–30 2 +++
2 ++

Morphineb 16 10–20 5 2–9 19 10–27 2 +++
1 ++
1 +

Meperidine 20 20–21 5 2–7 17 10–34 2 +++
Morphine 1 ++

1 +

Promazineb 32 25–35 9 7–10 12 9–16 4 +++

Promazine 21 13–30 10 7–13 18 9–26 1 ++
Meperidine 3 +

Promazine 24 20–30 7 4–9 27 22–30 1 ++
Morphine 3 +

Promazine 27 21–35 8 6–11 17 5–30 1 ++
Meperidine 3 +
Morphine

a+, Hyperesthesia; ++, mild paddling; +++, severe paddling.
bThe dose rates used in this trial were meperidine, 1 mg/lb body weight subcutaneously; morphine sulfate, 20 mg/100 lb body weight; promazine, 0.25

mg/lb body weight; methohexital sodium, 1 g/300 to 400 lb body weight.
From Grono.42



gling.42 For this reason, the anesthesia produced is undesirable
except when followed by administration of an inhalant anes-
thetic. Under these circumstances, it proves to be a good drug for
induction, because its effects are short-lasting. One injection pro-
vides just sufficient time for intubation and administration of the
inhalant before its effect ceases, leaving horses anesthetized with
only the inhalant. The induction dose in horses is approximately
6 mg/kg. It must be given rapidly or anesthesia will not be
achieved.

Methohexital has been used to induce anesthesia in calves at
the rate of 3 to 5 mg/kg. A smooth, rapid induction enabling en-
dotracheal intubation is produced.43 In adult cattle, the dose for
induction is 6 mg/kg.44

A high percentage of the metabolites of methohexital is ex-
creted in the bile of dogs and rats. Following administration of
[14C]methohexital to dogs and rats, 30.1% and 82.7% of the ra-
dioactivity is found in the feces, respectively. Dogs excrete
21.7% in bile and urine in the first hour and 52.4% in 8 h.45

Thiobarbiturates
Thiopental Sodium
Thiopental was the first thiobarbiturate to gain popularity as an
anesthetic agent for animals. It is the thio analog of pentobarbi-
tal sodium, and differs only in that the number 2 carbon has a sul-
fur atom instead of an oxygen atom attached to it. Thiopental
sodium is a yellow crystalline powder that is unstable in aqueous
solution or when it is exposed to atmospheric air. For this reason,
it is dispensed in sealed containers as a powder buffered with
sodium carbonate. It is usually mixed with sterile water or saline
to form 2.5%, 5.0%, or 10% solutions. Thiopental solutions
should be stored in a refrigerator at 5° to 6°C (41° to 42°F) to re-
tard deterioration. As solutions age, they become turbid and crys-
tals precipitate, which results in progressive loss of activity, but
does not increase its toxicity. Because the potency is decreased,
larger quantities of solution must be used to produce the desired
effect.46

The metabolism of thiopental is exceedingly complex.
Following injection with thiopental containing radioactive sulfur
(35S), monkeys produce at least 12 different metabolic products
that are excreted in the urine. About 86% is found in the urine
within 4 days after intravenous injection; small amounts are also
found in the tissues and feces.47

The initial toxic effect produced by thiopental is a marked de-
pression of the respiratory centers. Both rate and amplitude are
affected. By 5 min after administration of thiopental, heart rate,
aortic pressure, peripheral vascular resistance, and left ventricu-
lar systolic and end-diastolic pressures increase.48 Bigeminy is
common. Cardiac arrhythmias associated with thiobarbiturate
anesthesia can be accentuated by xylazine, halothane, methoxy-
flurane, and epinephrine.49–52 Observed arrhythmias include
sinus tachycardia, bigeminy, extrasystoles, ventricular tachycar-
dia, multifocal ventricular tachycardia, and ventricular fibrilla-
tion. Administration of a lidocaine bolus concurrently with thio-
pental (11 mg/kg) reduces the cardiopulmonary depressive
effects of the latter and has been advocated for anesthetic induc-
tion of patients predisposed to cardiac arrhythmias.48

During prolonged thiopental anesthesia, there is a pronounced
hyperglycemia, increased lactic acid and amino acids in blood,
and decreased liver glycogen.53 Insulin either prevents a decrease
or favors increased storage of liver glycogen. Repeated doses of
thiopental have a cumulative effect, as shown in Figure 11.8.
Prolonged periods of anesthesia may result from this effect if nu-
merous doses are administered.

Thiopental has an ultrashort action because it is rapidly redis-
tributed (e.g., into muscle tissue) and becomes localized in body
fat.54 As concentrations in the plasma, muscle, and viscera fall,
the thiopental concentration in fat continues to rise. On the other
hand, an appreciable amount is metabolized by the liver, and this
contributes to the early rapid reduction of arterial thiopental con-
centration.55 The same effect occurs after a fatty meal. A high
chylomicron level in the blood reduces sleeping time signifi-
cantly because thiopental is in more intimate contact with chy-
lomicrons and a smaller diffusion distance is present. Blood fat
is more potent than depot fat in decreasing thiopental sleeping
time.56 Leukopenia, hyperglycemia, elevated arterial partial pres-
sure of carbon dioxide, and decreased arterial partial pressure of
oxygen have been observed in thiopental-anesthetized horses
(Table 11.12) and are comparable to changes observed with the
use of other barbiturates and in other species.

For small animals, 1.25%, 2.5%, and 5.0% solutions of thio-
pental are used, depending on the animal’s size. Whenever con-
venient, the more dilute solutions should be used, because over-
dosing is less likely and irritation is less in the event of accidental
perivascular injection. As in other species, thiopental may be
used in dogs and cats as the sole anesthetic or for induction prior
to inhalation anesthesia. For rapid induction of anesthesia of
short duration, the dose is 10 to 12 mg/kg. Should 10 to 20 min
of surgical anesthesia be required, the dose range is 20 to 30
mg/kg. One-third of the estimated dose is injected rapidly within
15 s, and the remainder is administered slowly to effect. Addi-
tional doses may be administered to prolong anesthesia when re-
quired. Following large-dose administration, recovery (to stand-
ing) usually requires 1 to 1.5 h. Large doses will saturate the
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Fig. 11.8. The average duration of anesthesia after successive
hourly intravenous injections of equal doses of thiopental to dogs.
From Wyngaarden et al.141
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tissues and cause a prolonged emergence. When induction is pre-
ceded by preanesthetic sedation, a dose range of 8 to 15 mg/kg is
used. As in other species, too large a dose prior to inhalation
anesthesia depresses respiration and impairs the uptake of in-
haled gases. The use of thiopental is contraindicated in neonates
and in feline porphyria.

Thiopental was commonly used for rapid induction of anesthe-
sia in horses during the 1950s and early 1960s. After preanes-
thetic sedation with a suitable tranquilizer (e.g., xylazine or ace-
promazine), 6 to 10 mg/kg of thiopental are injected IV. If
injected as rapidly as possible, 6 to 9 mg/kg are adequate. The
smaller dose is used prior to the use of inhalant anesthetics,
whereas the larger dose is used when a short period of surgical
anesthesia is required. Thiopental is more commonly mixed with
5% guaifenesin when used for equine anesthesia. Two or three
grams of thiopental are added to 1 L of 5% guaifenesin and ad-
ministered rapidly IV to effect. It is often preceded by tranquil-
ization with xylazine, detomidine, or acetylpromazine. The time
of induction can be decreased by administering an additional 1 g
of thiopental as an adult horse (400 to 500 kg) begins to relax.
Once the horse is recumbent, the anesthesia can be maintained by
continuing the infusion of thiopental and guaifenesin at a slower
rate or by intubating and administering an inhalant anesthetic.
The induction dose alone will produce anesthesia lasting 10 to 20
min. Total anesthesia time should be limited to less than 1 h when
the combination of thiopental and guaifenesin is used as the
maintenance anesthetic or recovery can be very prolonged and of
poor quality. To minimize the recovery time when thiopental and
guaifenesin are used for anesthetic maintenance, the amount of
thiopental should be decreased by 50% in subsequent liters of the
mixture.

Similar doses of thiopental alone (4 to 6 mg/kg) or with 5%
guaifenesin in 5% dextrose in water may be given to induce anes-
thesia in cows. Once anesthesia is induced in cattle, endotracheal
intubation is essential to prevent possible aspiration of rumen
contents. The possibility of this is reduced by positioning ani-
mals so that the anterior thoracic and caudal cervical region is
higher than any other part of the body. As in newborn foals, use
of thiopental is contraindicated in the neonatal calves. Thiopental
is also used in doses of 8 to 15 mg/kg in small ruminants. Rapid
intravenous induction can be achieved with 8 to 12 mg/kg,
whereas larger doses are given by slow intravenous injection to
effect. The latter technique provides 10 to 20 min of surgical
anesthesia.

The dose of thiopental required to induce anesthesia in swine
is variable. The minimal dose required ranges from 4.0 to 8.0
mg/kg. Half the dose is injected rapidly, and the remainder more
slowly over the next several minutes. Even during light anesthe-
sia, respiratory depression, irregular breathing, and apnea com-
monly occur in swine.

Thiamylal Sodium
This is the thio analog of the barbiturate secobarbital sodium. It
differs from thiopental sodium in that the ethyl radical of the lat-
ter (on R1) is replaced by an allyl radical.57 In dogs, the anes-
thetic potency of thiamylal is about 1.5 times that of thiopental.58

Administration
Barbiturates are administered by several routes, depending on the
patient and the desired effect. For anesthesia, the intravenous
route is preferable because the anesthetic can be given to effect.
Because of wide variation in patient response, this type of dose
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Table 11.12. Mean values of the parameters listed below after a single intravenous anesthetic dosage of thiopental sodium in 8 horsesa.

Minutes After Administering Anesthesia

Preanesthetic Value 5 15 25 Statistical Differences

Leukocyte count cell/mm3 9700 7800 7500 6100 I
Packed-cell volume (vol %) 32 31 30.5 31
Blood glucose (mg %) 82.1 85.0 91.2 103.1 I
Heart rateb (per min) 61 85 95 81 I
Blood pressurec (mm Hg)

Systolic/diastolic 158/117 188/153 173/141 176/140 I
Respiratory ratec (per min) 29 8 14 21 I
Oxygen content of arterial blood (vol %) 19.2 19.0 18.2 18.4 II
Oxygen content of venous blood (vol %) 14.3 13.5 13.0 12.8 II
Carbon dioxide content of arterial blood (PaCO2) 43.3 44.2 49.9 49.2 I
Arterial blood (pH) 7.39 7.31 7.21 7.22 I
Plasma level of thiopental sodium (mg/L) — 49.3 37.1 35.8 I

aTo produce surgical anesthesia, 9 to 17 mg/kg were required.
bMean values in six horses because of equipment failure.
cMean values in five horses because of equipment failure.
I Statistically significant difference at the 1% level before and after administration of thiopental sodium.
II Statistically significant difference at the 5% level before and after administration of thiopental sodium.
From Tyagi et al.138



control is desirable. Intraperitoneal administration and intramus-
cular administration are not widely employed. The oral route is
slow and unpredictable, and therefore is used chiefly when seda-
tion is sought.

Care should be taken in selection of needles and syringes for
administration. In large species of animals, 12- to 18-gauge 1.5-
to 2.0-inch needles are used, depending on the quantity of anes-
thetic that must be injected rapidly to carry the patient through
the excitement stage. When large quantities are to be injected, a
vascular catheter is preferred. In smaller animals, 20- to 24-
gauge needles aid in venipuncture and help slow the rate of injec-
tion. There is a careless tendency to use large syringes on very
small animals. This is dangerous because the dose cannot be ac-
curately controlled. A syringe size commensurate with the dose
should always be employed; use of large syringes with small
doses is an invitation to disaster.

In many practices, an indwelling venous catheter is inserted
prior to anesthetic administration. This is used for anesthetic in-
jection and subsequent fluid administration during surgery. It
also helps ensure that inadvertent perivascular injection does not
occur when animals are transported. In small animals (weighing
less than 5 kg), it is advisable to dilute the anesthetic with sterile
water. By making a 100% dilution, more accurate dose control is
achieved.

When intravenous injection is to be made, hair over the vein
may be removed with clippers and the skin prepared by swabbing
with a suitable antiseptic. The latter procedure, in addition to
cleaning the area, tends to distend the vein. For intravenous anes-
thesia, the cephalic vein on the anterior aspect of the forelimb is
most commonly used in small animals. In dogs, the second
choice is generally the saphenous vein on the lateral surface of
the hind limb just proximal to the hock. In cats, the saphenous or
femoral vein on the inner surface of the thigh is a good second
choice. Other veins less frequently used are the jugular and the
marginal vein of the ear. In large dogs already anesthetized, the
lingual veins on the ventral surface of the tongue are easily ac-
cessible. These veins tend to bleed rather profusely, however. In
horses, cattle, and sheep, the jugular vein is used almost exclu-
sively. In swine, the marginal vein of the ear or the anterior vena
cava is most commonly employed.

In dogs, if injection is to be made into the cephalic vein of the
right foreleg, the assistant stands by the animal’s left side with
the left arm circling the dog’s neck and the right arm extended
over its back. The right hand grasps the right foreleg just below
the elbow. The right index finger is extended over the dorsal sur-
face of the limb, the thumb is held around the ventral surface of
the leg, and, by compressing thumb and forefinger, the vein is oc-
cluded, causing it to distend with blood. The assistant turns his or
her wrist slightly so that the skin covering the dorsal aspect of the
foreleg and the cephalic vein is rotated outward. The veterinarian
grasps the paw of the right foot with the left hand and, if the vein
is not easily seen, by rapidly squeezing the paw several times,
pumps blood from the paw to distend the vein. If the carpus is
flexed acutely, the vein is stretched tightly over the underlying
muscles and rolling is prevented. Good technique demands that
the needle used for injection be threaded into the vein so that the

hub is at the site of venipuncture. The leg and syringe are both
held in the veterinarian’s left hand during injection so they will
move as a unit if the animal moves. This prevents accidental re-
traction of the needle from the vein.

Persons experienced with administration of barbiturates to
dogs and cats usually estimate the weight of the animal and draw
an excess of solution into a syringe. The first one-third to one-
half of the dose is rapidly injected while watching the animal’s
facial expression closely. As injection is made, the animal often
licks its lips as though tasting the drug. Frequently, dogs move
the head from side to side as the anesthetic effect begins. These
movements are seen early in the administration and indicate
more drug must be given. The eyes begin to lose their alert ex-
pression, and the animal then relaxes. As injection is continued,
the veterinarian can, with thumb and forefinger placed behind the
canine teeth, open the animal’s jaw. If in a light state of anesthe-
sia, the patient will further open the jaw, curl the tongue, and sim-
ulate a yawn. At this point, the cornea and pedal reflexes are still
present, and the animal is not in a state of surgical anesthesia.
Administration of anesthetic should be continued cautiously and
in small amounts, with careful attention paid to respiration and
reflexes. Surgical anesthesia is reached when the pedal reflex is
abolished. At this point, further administration of drug is not
necessary.

Intraperitoneal Injection
This has been employed extensively in the past, but has the dis-
advantage that the dose cannot be as accurately controlled as it
can by intravenous administration. Usually with this method, the
animal is restrained in a vertical position against the assistant’s
body with the animal’s abdomen facing outward. An area just lat-
eral to the umbilicus is clipped and a suitable antiseptic applied.
The needle is passed through the abdominal wall and the injec-
tion made. The dose for intraperitoneal administration is calcu-
lated in the same manner as the intravenous dose. The peak con-
centration in the blood is reached more slowly, and drug
absorbed into the portal system is subject to early metabolism.34

This technique is not recommended in the clinical practice of vet-
erinary anesthesia and may be quite painful to the animal.

Intramuscular and Intrathoracic Injection
Under unusual circumstances, such as when wild animals are
anesthetized, intramuscular or subcutaneous injection of barbitu-
rates may be indicated. Because of their high alkalinity, there is
a tendency for tissue necrosis to develop following this proce-
dure. For moderate anesthesia, 30 mg/kg, and for surgical anes-
thesia of 1 to 2 h, 40 mg/kg of pentobarbital can be administered.
Induction requires about 15 min, and anesthesia reaches its peak
effect about 30 min after injection.

Although pentobarbital has been given intrathoracically using
the same dose as for intravenous anesthesia, veterinarians should
strongly oppose intrathoracic administration of anesthetic be-
cause there is risk of puncture to the heart, pericardium, and lung,
and barbiturates irritate the serosal surfaces. The latter fact can be
confirmed on necropsy of animals destroyed with intrathoracic
barbiturates. Pleural thickening, bronchitis, and coagulative
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necrosis of the lung have been observed on examination of exper-
imentally injected cats.

In general, thiobarbiturates produce more respiratory depression
on induction than do oxybarbiturates: Often one-third of the calcu-
lated dose causes the patient to collapse and respiration to stop.
This transient apnea is alarming to those not aware of this reaction.
When it occurs, injection of anesthetic should be suspended until
spontaneous rhythmic respirations resume. This usually occurs as
soon as the blood carbon dioxide level rises to stimulate respiration
and rapid redistribution decreases CNS concentration.

Barbiturate Slough
Occasionally, animals may struggle during induction of barbitu-
rate anesthesia, and some of the drug may be administered
perivascularly. This should be avoided if at all possible because a
tissue slough may develop. Experienced anesthetists prevent bar-
biturate slough by threading the needle into the vein. This proce-
dure makes it unlikely that the needle will come out of the vein
if the syringe is jarred or the animal moves. Sloughs caused by
anesthesia require 2 to 4 weeks to heal and leave an unsightly
scar. Nothing can infuriate owners more than development of a
slough in their animal.

If it is suspected that barbiturate solution has been injected
perivascularly, the area should be infiltrated with 1 or 2 mL of
2% procaine solution.59 Lidocaine can also be used for this pur-
pose. Local anesthetics are effective for two reasons. First, they
are vasodilators and prevent vasospasm in the area, and thus aid
in dilution and absorption of the barbiturate. Second, they are
broken down in an alkaline medium, and this reaction neutralizes
the alkali (barbiturate). The use of hot packs or hydrotherapy
may be beneficial, as is infiltration of the area with saline to
dilute the barbiturate further. Additionally, systemic anti-
inflammatory drugs may be of benefit.

Barbiturate Euthanasia
All of the euthanasia solutions that are commercially available in
the United States contain pentobarbital as their active ingredient.
Some include other drugs, but the additional ingredients do not
make the product a more effective euthanasia agent. The combi-
nation products are schedule III controlled substances compared
with the schedule II products that contain only pentobarbital. The
usual dose of pentobarbital for euthanasia of dogs and cats is 120
mg/kg for the first 4.5 kg of body weight and 60 mg/kg for each
additional 4.5 kg. Large animals usually require 10 to 15 mL per
45 kg of body weight. Pentobarbital should not be used for eu-
thanasia of animals intended for consumption by people or other
animals, and carcasses should be disposed of in a manner that
prevents consumption by domestic or wild animals. Pentobar-
bital can be administered orally as a sedative prior to euthanasia.
The dose is approximately 60 mg/kg, and the time to lateral re-
cumbency is approximately 60 min.

Nonbarbiturate Drugs
Although the barbiturates have been the most commonly used
short-acting anesthetics, many other injectable drugs have been

used to induce and maintain unconsciousness. Chloral hydrate
alone and in combination with magnesium sulfate and pentobar-
bital sodium has been used for induction and maintenance of
anesthesia in large domestic animals (i.e., horses and cows).
Many drugs used to depress the CNS and immobilize laboratory
animals do not find application in routine small animal clinical
use. Among them are chloral hydrate, chloralose, urethan, meto-
midate, and magnesium sulfate. Newer drugs, such as etomidate
and propofol, have been developed to provide short periods of
unconsciousness from which recovery is rapid. These hypnotic
drugs are most effective when given in combination with pre-
anesthetics and analgesics to achieve anesthesia and analgesia.
Several of these combinations have recently been developed and
assessed for use in animal anesthesia.

Neurosteroids
This class of drugs was first evaluated as a combination of two
steroids: alphaxalone and alphadolone acetate (Althesin or
Saffan). The solubility of alphaxalone (9 mg/mL) is increased by
alphadolone acetate (3 mg/mL) and by 20% wt/vol polyoxyethy-
lated castor oil (Cremophor EL). The combination of the two
steroids has an exceptionally high therapeutic index (30.6). It has
little cumulative effect (Fig. 11.9), and the duration of anesthesia
varies with species (Fig. 11.10). Administration of the combina-
tion before or after barbiturates is not advised, although adverse
effects when used with other anesthetic drugs have not been re-
ported. Evidence suggests the neurosteroid anesthetics work by
enhancing GABA-mediated neurodepression.60,61 In addition,
the activation of centrally located inhibitory glycine receptors
may be involved.61

A new neurosteroid product has been developed that is a 
10-mg/mL solution of alphaxalone in 2-hydroxypropyl-ß-
cyclodextrin (Alfaxan-CD; Jurox, Rutherford, Australia). This
preparation does not appear to cause histamine release, which
has been associated with the vehicle used in earlier neuros-
teroid preparations.62

In cats, the dose of Althesin is 9 mg/kg for intravenous admin-
istration and 12 to 18 mg/kg for intramuscular administration.
Intravenous injection produces relaxation in approximately 9 s
and surgical anesthesia in about 25 s. Intramuscular adminis-
tration produces variable results, but may be useful in fractious
animals. The onset occurs in 6 to 12 min and lasts for approxi-
mately 15 min. A quiet area for induction is desirable. In frac-
tious cats, when drugs must be administered intramuscularly, ke-
tamine is the drug of choice because Althesin is less reliable by
this route.63

Althesin has a neutral pH and does not produce pain or inflam-
mation when injected perivascularly or intramuscularly.
Additional doses can be given to prolong anesthesia without cu-
mulative effects, and recovery is rapid. In contrast to ketamine,
Althesin produces good muscular relaxation. Althesin has a
slightly protective effect against epinephrine-induced arrhyth-
mias in cats.64 Urination, defecation, muscle tremors, paddling,
salivation, and hyperesthesia have been reported as side effects.
Edema of the feet, ears, and muzzle occurs in approximately 25%
of cats injected, but is usually transient and disappears within 2
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h. This condition apparently occurs in females more often than in
males. Antihistamine administration reduces this occurrence.

In dogs and some other canidae, the use of polyoxyethylene de-
rivatives of hexitol anhydride partial fatty acid esters produces an
allergic response.65 This response is manifested by a prolonged fall
in blood pressure and a positive skin wheal if the drug is injected
intradermally. Urticaria and erythema are believed to be caused by
the release of histamine or histamine-like substances. Cremophor
EL, a nonionic polyoxyethylated emulsifying agent used as the ve-
hicle in Althesin, elicits the same response. Apparently, allergic re-
actions can be caused by the vehicle (polyoxyethylated castor oil).
The reaction can be of the true-hypersensitivity type, which
requires previous exposure to the drug, or of the complement-
activation type, which requires no previous sensitization.66

Horses anesthetized with Althesin can develop violent pad-
dling and galloping movements during recovery, which can be
prevented by prior administration of xylazine (1 mg/kg).67 The
minimum dose of Althesin for induction of anesthesia is approx-

imately 1.2 to 1.34 mg/kg in non-premedicated horses. Although
xylazine administration lengthens the recovery time, its adminis-
tration would appear prudent.

The dose of Althesin for sheep is approximately 2.2 mg/kg IV.
This produces light surgical anesthesia for 8 to 15 min. The aver-
age maintenance dose to produce surgical anesthesia for a 3-h pe-
riod is 0.23 mg · kg�1 · min�1. Sheep given Althesin develop
bradycardia, with a decrease in systolic and diastolic pressures of
20% to 35% of preinjection levels. Left ventricular end-diastolic
pressure elevates, and cardiac output decreases. These parameters
return to normal within 6 to 8 min of injection. Myocardial de-
pression measured as a decrease in maximum dp/dt is produced.67

Althesin has also been used to induce anesthesia prior to the ad-
ministration of inhalants to maintain anesthesia in ruminants
(goats, sheep, and young calves).68 The dose of Althesin for pigs
is approximately 6 mg/kg to produce 10 to 15 min of anesthesia.
In pigs known to develop malignant hyperthermia under anesthe-
sia, Althesin does not induce this reaction, and it has been used
safely in animals known to be susceptible to this condition.67

Althesin decreases cerebral blood flow accompanied by a fall
in intracranial pressure in baboons.69 Neither of the two steroids
is extensively protein bound by the serum of rats, cats, horses, or
people. Approximately 60% to 70% of a radioactive dose of al-
phaxalone or alphadolone acetate is excreted as metabolic prod-
ucts in the feces during the 5 days following intravenous injec-
tion; the other 20% to 30% appears in the urine within the same
period.70
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Fig. 11.10. Anesthetic activity of Althesin in different species. After
Child et al.65

Fig. 11.9. Duration of loss of righting reflex in mice given repeated
intravenous doses of Althesin and other anesthetics (five mice per
group). Second and subsequent doses were given 30 s after return of
the righting reflex. After Child et al.65
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Chloral Hydrate
Liebrich, who introduced chloral hydrate as a hypnotic in 1869,
thought that, because it released chloroform in vitro, it would do
the same in vivo. This has subsequently been proved a miscon-
ception. Chloral hydrate occurs as colorless translucent crystals
that volatilize with an aromatic, penetrating odor on exposure to
air. It has a bitter, caustic taste. One gram of the crystals dissolves
in 0.25 mL of water. It may be administered orally, or solutions
may be injected IV or intraperitoneally. It irritates the gastric mu-
cosa and may cause vomiting if not diluted in water, but is read-
ily absorbed from the gastrointestinal tract. A small amount of
chloral hydrate is excreted unchanged in the urine. The greater
portion is reduced to trichloroethyl alcohol, a less potent hyp-
notic, and this in turn is conjugated with glucuronic acid to form
urochloralic (trichloroethylglucuronic) acid, which has no hyp-
notic property. The latter is excreted in the urine. In animals with
liver damage, chloral hydrate may be found in larger quantities
and urochloralic acid in smaller quantities in the urine.

Chloral hydrate depresses the cerebrum, with loss of reflex ex-
citability. In subanesthetic doses, motor and sensory nerves are
not affected. Chloral hydrate is a good hypnotic but a poor anes-
thetic; the amount needed to produce anesthesia approaches the
minimal lethal dose, and it produces deep sleep that lasts for sev-
eral hours. It has weak analgesic action. In hypnotic doses, the
medullary centers are not affected. Anesthetic doses of chloral
hydrate depress the vasomotor center severely, causing a fall in
blood pressure. Hypnotic doses depress respiration, and anes-
thetic doses markedly depress the respiratory center. Death from
chloral hydrate administration is caused by progressive depres-
sion of the respiratory center. The margin of safety is such that it
is not a satisfactory surgical anesthetic.

Chloral hydrate is not used for small animal anesthesia and has
lost most of its popularity as a general anesthetic in large ani-
mals. Its continued use in large animals depends on the simplic-
ity of administration and on the duration of effect of the induc-
tion dose—an interval adequate for many routine procedures. It
is relatively inexpensive and may be combined with barbiturates.
It is an irritant when inadvertently injected outside the vein. Use
of a vascular catheter obviates this hazard. The concentration of
the chloral hydrate solution should not be too high: 7% to 12%
wt/vol aqueous solutions are generally used.

Doses reported for intravenous chloral hydrate vary exten-
sively, probably owing to the rate of administration and to vary-
ing interpretations of the depth of resulting anesthesia. The rec-
ommended intravenous dose for chloral hydrate in horses varies
from 2 to 3 g/45 kg as a sedative and up to 10 g/45 kg when used
alone for general anesthesia. When the drug is used to enhance
xylazine or xylazine-butorphanol sedation, a dose of 0.6 to 1.2
g/45 kg is usually effective. A dose of 1.8 g/45 kg may be neces-
sary. This mixture of drugs can be used to provide effective
standing restraint during low epidural analgesia achieved with a
local anesthetic in horses undergoing surgical correction of a rec-
tovaginal fistula.

Chloral hydrate solution was once commonly administered at
15 to 30 g/min and was given until the horse was about to fall, at
which time the intravenous tubing was disconnected and the ani-

mal restrained until recumbent. If necessary, additional solution
was administered slowly until the desired degree of sedation or
anesthesia was achieved. Because of conversion to trichloroeth-
anol and slow passage across the blood-brain barrier, anesthetic
depression increases for several minutes after initial induction.
Therefore, additional doses should not be administered immedi-
ately. The chief disadvantage with chloral hydrate is that the dose
required to induce general anesthesia prolongs recovery. For this
reason, in modern practice, chloral hydrate is primarily used to in-
duce a degree of narcosis or sedation, and analgesia is produced
by means of local or regional anesthesia. Premedication with tran-
quilizers reduces the amount of chloral hydrate required, facili-
tates induction, and minimizes struggling during recovery.71

The time required for horses to stand after cessation of admin-
istration of anesthetic doses varies from 1 to 4 h and is similar in
duration to that observed after chloral hydrate and magnesium
sulfate administration. If anesthesia is maintained for a long pe-
riod, recovery may also be prolonged. The nature of the recovery
period can vary; if left undisturbed, horses often pass quietly into
a hypnotic state, remaining thus until they are ready to stand.
Excitement and struggling during recovery are not uncommon
and can be minimized by use of tranquilizers.

Chloral hydrate is also occasionally used to induce narcosis or
anesthesia in cattle and swine. In the former, it has been largely
replaced by xylazine. The chloral hydrate dose required is simi-
lar to that for horses. In cattle, premedication with atropine sul-
fate and early intubation are indicated. Chloral hydrate may also
be administered to horses and cattle by stomach tube to induce
varying degrees of sedation or narcosis (3 to 6 g/45 kg of body
weight).

Chloral hydrate has been combined with magnesium sulfate or
with magnesium sulfate and pentobarbital sodium for anesthesia
in horses and cattle (Fig. 11.11). Investigators claimed that these
drug combinations produced a more rapid and excitement-free in-
duction, an increased anesthetic depth, a smoother emergence, a
wider margin of safety, and less irritation than does anesthesia
achieved with chloral hydrate alone. Nevertheless, with the advent
of rapid-onset, short-acting, and safer drugs, there seems to be lit-
tle merit in the use of chloral hydrate alone or in combination with
other drugs to induce and maintain anesthesia in any species.

Chloralose
This is prepared by heating anhydrous glucose and trichloro-
acetaldehyde (anhydrous chloral) in a water bath. Both �-
chloralose and ß-chloralose are formed, with the � form being
active. Chloralose has been advocated for use in cardiovascular
studies because it produces minimal depression and maintains
more active reflexes than other anesthetics.72

Chloralose is usually prepared as a 1.0% aqueous solution.
Heat is necessary to dissolve the drug, but solutions should not
be boiled. The intravenous anesthetic dose of �-chloralose is ap-
proximately 110 mg/kg in dogs and 80 mg/kg in adult cats.73

�-Chloralose appears to depress neuronal function of the cortex
and routes of afferent input less than pentobarbital. Many investi-
gators still consider chloralose a valuable drug for maintenance of
unconsciousness for long, nonsurvival, surgical experiments.74
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Urethan
This is prepared by heating urea with alcohol under pressure or
by warming urea nitrate with alcohol and sodium nitrite. The
drug is marketed in the crystalline state. One gram dissolves in
0.5 mL of water, the aqueous solution being neutral. It is most
often used as an anesthetic in laboratory animals and fish. The
lethal intravenous dose for rabbits is 2.0 g/kg. The dose for dogs
and cats is 0.6 to 2.0 g/kg. Up to 0.5 g/kg may be used as a hyp-
notic dose.

Urethan is mutagenic, carcinostatic, and carcinogenic.75 Mice
given urethan develop an exceptionally high incidence of lung tu-
mors, regardless of the route of administration. Tumors also de-
velop in treated rats and rabbits. Concern over the health of indi-
viduals in prolonged contact with urethan or its solutions is
justified.76 For this reason, urethan is no longer commonly used
in any species.

Magnesium Sulfate
A saturated solution of magnesium sulfate has been used for eu-
thanasia. However, it should be administered only after animals
have been rendered unconscious with a barbiturate or another
rapid-acting anesthetic. In small animals, anesthesia has been
achieved with dilute solutions of magnesium sulfate; however,
the CNS is globally depressed and respiratory arrest often occurs
at anesthetic doses. Animals will become excited just prior to
collapse. Respiratory arrest likely is caused by complete neuro-
muscular block and paralysis of the muscles of respiration rather
than being a consequence of CNS depression. Therefore, one
cannot be assured that magnesium sulfate administered alone is

a humane method for achieving anesthesia or euthanasia.
Magnesium sulfate is better thought of as a muscle relaxant and
CNS depressant than as a stand-alone anesthetic and is not rec-
ommended as such.

Metomidate
Metomidate hydrochloride is a hypnotic with muscle relaxant
properties. Its hypnotic effect is exerted on mammals, birds, rep-
tiles, and fish. Given alone, it induces sleep without analgesia.
General anesthesia can be produced by combining it with neu-
roleptics or analgesics. It is available in powdered form, which
dissolves readily in water to make 1% or 5% solutions. These so-
lutions have a pH of 2.9 and 2.4, respectively. Combined with the
butyrophenone tranquilizer azaperone, metomidate produces
anesthesia in swine for approximately 2 h. Respiration slows 
and deepens. With rapid intravenous injection, apnea may occur.
The cardiovascular system remains stable. It is often used as a
sedative-anesthetic for fish.

Etomidate
This is an imidazole derivative that was synthesized in 1965 and
first used for induction of anesthesia in people in 1975. It is a
congener of metomidate and contains 2 mg/mL of the drug in
35% propylene glycol. Etomidate appears to work in a fashion
similar to that of propofol and the barbiturates in that it enhances
the action of the inhibitory neurotransmitter GABA.77,78 Single
injections produce relatively brief hypnosis. In dogs, doses of 1.5
and 3.0 mg/kg last 8 ± 5 and 21 ± 9 min, respectively.79 The du-
ration of hypnosis is dose related. Etomidate is rapidly hy-
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Fig. 11.11. Chloral hydrate and magnesium sulfate
anesthesia (2:1) in horses: dose of chloral hydrate used
and degree of anesthesia obtained in clinical cases.
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drolyzed in the liver and excreted in the urine. The pharmacoki-
netics of a 3-mg/kg intravenous dose of etomidate in cats are best
described as a three-compartment open model similar to those
determined in people and rats. Induction and recovery are rapid,
with a brief period of myoclonus early in the recovery period.80

Etomidate in powder and injectable forms has been used as an
anesthetic for exotic species of animals. It was introduced in the
United States as an induction agent for poor-risk human patients
because it does not depress the cardiovascular and respiratory
systems or release histamine. When used alone in dogs, it pro-
duces no change in heart rate, blood pressure, or myocardial per-
formance.79 Neonates born to mothers anesthetized with etomi-
date have minimal respiratory depression. Etomidate does not
trigger malignant hyperthermia in susceptible swine.81 Etomi-
date qualifies as a good induction drug for neurosurgical proce-
dures. It decreases cerebral metabolic rate of oxygen consump-
tion (CMRO2) and has anticonvulsant properties. It may have
brain-protective properties following episodes of global ischemia
associated with cardiac arrest.

Etomidate inhibits adrenal steroidogenesis in dogs, suppressing
the usual increase in plasma cortisol observed during surgery. A
single induction dose of etomidate may depress adrenal function
for up to 3 h. However, the lack of a stress response to surgery
does not have deleterious effects, and it has been argued that at-
tenuation of metabolic and endocrine responses to surgery actu-
ally reduces morbidity and may make this unique action of etomi-
date beneficial to overall patient outcome. Attention has been
given to the development of Addisonian crisis produced by 
etomidate-induced blockade of corticosteroid production during
prolonged infusion to maintain sedation in intensive care patients.
Consequently, long-term infusion is not recommended.82,83

Etomidate (2 mg/kg) can cause acute hemolysis. The mechanism
of hemolysis appears to be propylene glycol, which causes a rapid
osmolality increase that causes red cell rupture.84

Etomidate is compatible with other common preanesthetic
agents. Venous pain is common on injection in humans, and my-
oclonia may occur if premedication is not administered. Nausea
and vomiting are troublesome, especially after the use of multi-
ple doses, and can occur at recovery, as well as induction. For the
most part, these side effects can be prevented by adequate pre-
anesthetic sedation. In summary, etomidate may be one of the
better induction drugs in traumatized patients and those with
severe myocardial disease, cardiovascular instability, cirrhosis,
or intracranial lesions, or in patients requiring cesarean section
surgery.81

Propofol
Propofol (2,6-diisopropylphenol) is unrelated to barbiturates,
euganols, or steroid anesthetics. It is only slightly soluble in
water and is marketed as an aqueous emulsion containing 10 mg
of propofol, 100 mg of soybean oil, 22.5 mg of glycerol, and 12
mg of egg lecithin/mL. Sodium hydroxide is added to adjust the
pH. It is available in sterile glass ampules and contains no preser-
vatives. Propofol emulsion can support microbial growth and en-
dotoxin production.85 Because of the potential for iatrogenic sep-
sis, unused propofol remaining in an open ampule should be

discarded and not be kept overnight for use the next day. Some
formulations contain bacterial growth inhibitors to slow the
growth rate of contaminants after a vial is opened, but these ad-
ditives will not completely inhibit bacterial growth, so any un-
used propofol should still be discarded 6 h after a vial or ampule
is opened. The growth inhibitors used are 0.005% disodium
edentate or 0.025% sodium metabisulfite.

The pharmacokinetics of propofol in dogs fit a two-
compartment open model. Rapid onset of action is caused by
rapid uptake into the CNS. The short action and rapid smooth
emergence result from rapid redistribution from the brain to other
tissues and efficient elimination from plasma by metabolism.86

Propofol has a large volume of distribution, as would be expected
from its lipophilic nature. It is metabolized primarily by conjuga-
tion, but propofol’s rapid disappearance from plasma is greater
than hepatic blood flow, suggesting extra hepatic sites of metab-
olism.87 The pharmacokinetics of propofol have not been re-
ported in cats, but its anesthetic action is similar to that in dogs.88

In general, after a single bolus injection, propofol induces a
rapid, smooth induction followed by a short period of uncon-
sciousness.89 In people, recovery is rapid and free of emergence
excitement after constant infusion or repeated bolus administra-
tion. In dogs, especially greyhounds, recoveries may be pro-
longed after continuous infusion of propofol exceeding 30 min.90

Propofol is usually injected as a single bolus for induction of
general anesthesia in dogs and cats to enable intubation and ini-
tiation of inhalation anesthesia.89 It should be remembered that
propofol is a sedative-hypnotic and has only minimal analgesic
action at a subanesthetic dose. As with other hypnotics, even
when an animal is rendered unconscious with propofol, it will re-
spond to painful stimuli unless analgesic drugs such as the opi-
oids or �2-agonists are administered concurrently. If administra-
tion is preceded by a preanesthetic such as morphine or
medetomidine, the induction dose of propofol can be decreased
substantially. The dose for induction of anesthesia in non-
premedicated dogs ranges from 6 to 8 mg/kg IV, whereas the
dose in sedated animals may be as low as 2 to 4 mg/kg IV.85,86

Following a single dose of 6 mg/kg IV, recovery in dogs is com-
plete in approximately 20 min. A similar dose given to cats pro-
vides about 30 min of anesthesia to complete recovery. The inci-
dence of postanesthetic side effects, such as vomiting, sneezing,
or pawing, is about 15%, but can be decreased with acepro-
mazine or �2-agonist premedication. When a patient is premed-
icated with 0.02 to 0.04 mg/kg of acepromazine, the induction
dose of propofol is decreased by approximately 30% to 40%.
Propofol can be used for maintenance of anesthesia in dogs ei-
ther by intermittent bolus or continual infusion.91,92 The rate of
administration depends on the adjunctive drugs administered 
and the degree of surgical stimulation.92 The continuous infusion
rate ranges from 0.15 to 0.4 mg · kg�1 · min�1. When using an
intermittent-bolus technique, doses of 0.5 to 2 mg/kg are admin-
istered as needed. If the bolus dose used is kept constant, the in-
terval between bolus administrations will stabilize and remain
constant after 1 to 2 boluses are administered.

Propofol induces depression by enhancing the effects of the in-
hibitory neurotransmitter GABA and decreasing the brain’s
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metabolic activity.93 Propofol decreases intracranial and cerebral
perfusion pressures. It transiently depresses arterial pressure and
myocardial contractility similar to the ultra-short-acting thiobar-
biturates. Hypotension is primarily the result of arterial and ve-
nous vasodilation.94 Propofol enhances the arrhythmogenic ef-
fects of epinephrine, but is not inherently arrhythmogenic.95

Propofol is a phenolic compound and, as such, can induce ox-
idative injury to feline red blood cells when administered repeat-
edly over several days. This toxicity is likely the result of the
cat’s reduced ability to conjugate phenol. Heinz bodies form, and
clinical signs of anorexia, diarrhea, and malaise can result.96

Brief apnea may occur after induction with propofol. Animals
breathing spontaneously may experience hypercapnia for a short
period after rapid bolus injection.97 Propofol is primarily metab-
olized in the liver by conjugation pathways to form inactive
metabolites, which are then excreted in the urine and, to a much
lesser extent, in bile.98 Evidence suggests a variability in the ca-
pacity of the hepatic cytochrome P-450 enzyme system involved
in propofol metabolism among dog breeds.99 This may explain
some of the breed variability in recovery times seen after propo-
fol administration (e.g., the slower recoveries seen in grey-
hounds). Propofol has been used for cesarean section surgery
with generally good results.89,100 Because puppies have good
conjugation enzyme activity, there is minimal fetal depression
among neonates delivered from mothers anesthetized with
propofol.

Complaints of pain by people injected with propofol IV are
common. Pain likely occurs in small animals, but the prevalence
appears to be much less. Pain can be minimized by premedica-
tion with an opioid or �2-agonist and/or injection into larger ves-
sels. Propofol, unlike barbiturates, does not damage tissue when
injected perivascularly or intra-arterially. When combined with an
opioid, acepromazine, or an �2-agonist, propofol provides
dependable short anesthesia for procedures such as castrations,
ear flushes, exploration for foxtails, ultrasound examinations,
biopsies, and suturing of small lacerations. Additionally, the ad-
vantage of rapid smooth recovery is beneficial in patients with
chronic respiratory disease or those undergoing bronchoscopy or
transtracheal aspiration procedures. Light propofol anesthesia has
been advocated for patients undergoing upper-airway ex-
amination.101

Propofol is a satisfactory drug for immobilization of neonatal
foals when given in combination with 0.5 mg/kg of xylazine IV.
Immobilization is induced with 2 mg/kg propofol IV and main-
tained with 0.33 mg · kg�1 · min�1 IV. Cardiovascular changes
are characterized by decreased pressure and cardiac output, and
a decrease in respiration rate.

Propofol anesthesia has been used in full-sized horses, as well.
It is usually employed in conjunction with an �2-agonist such as
detomidine or xylazine and can be used to maintain, as well as
induce, general anesthesia. The induction dose of propofol is 2 to
4 mg/kg administered IV to premedicated horses.102–104 Limited
data on maintenance of propofol anesthesia suggest an infusion
rate of approximately 0.2 mg/kg/min is acceptable.104 The qual-
ity of the induction and recovery seen with the use of propofol in
horses is acceptable.102–105

Alternative Methods of Anesthesia and
Analgesia
Hypothermia
As the body temperature of warm-blooded animals falls, their
metabolism is reduced, and therefore the need for oxygen is di-
minished. Oxygen uptake in dogs is reduced by approximately
50% at 30°C and 65% at 25°C.106 The metabolic rate of isolated
slices of rat heart is reduced 90% by lowering the temperature to
10°C.107 The potassium-arrested heart at 37°C used four times as
much glycogen and produced three times as much lactic acid as
the heart at 17°C.108 Thus, the heart, brain, liver, or other vital or-
gans can survive at a low temperature for a considerably in-
creased period when deprived of all or a portion of their blood
supply. Hypothermia may be artificially produced in the entire
body or in only a portion, such as the heart or head. It has found
its greatest usefulness in surgery of the heart and CNS.109

The colder an animal becomes, the less oxygen is required by
a given organ. It has been shown, however, that the reduction of
oxygen consumption varies for different organs. For example, the
work done by the heart at 26° to 27°C is a little less than that at
normal temperature, and while the general oxygen uptake by the
body at this temperature is reduced to 40% of normal, that of 
the heart is still 50%. In monkeys, little change in cerebral oxy-
gen uptake occurs until a temperature of 31°C is reached.110 At
this point, it falls sharply, and through the next 4°C there is a
drop of about 25%. Below 27°C, oxygen consumption continues
to fall, but at a much slower rate. The relationship of cerebral
oxygen consumption to temperature is sigmoid rather than linear
(Fig. 11.12).

Several species of warm-blooded animals have been subjected
to drastic hypothermia. Small laboratory animals can be cooled
to 0°C, and even lower, and still recover. Between 80% and
100% of rats recovered after being cooled to temperatures just
above the freezing point with cardiac and respiratory arrest for 1
h.111 Golden hamsters have been kept on ice with circulatory ar-
rest for up to 7 h. These animals even survived supercooling to
�5° or �6°C.112 When the circulation is maintained with a
pump-oxygenator, dogs have survived cooling to 1.5°C.113

To induce the hypothermic state as quickly as possible, shiver-
ing must be controlled, because it is an important mechanism in
protection against cold. Shivering is induced by an increased
temperature gradient between cold receptors in the skin and cen-
ters in the hypothalamus.114 Even without visible shivering, there
is general hypertonicity of the skeletal muscles, which results in
increased metabolic, heart, and respiratory rates. Shivering can
be prevented by deep anesthesia or by light anesthesia with cu-
rarization or tranquilization with a phenothiazine. The latter
drugs exert their effect through a peripheral action on muscle
fibers and on the hypothalamic temperature control center.

Moderate hypothermia produces a rectilinear decrease in anes-
thetic requirements (minimum alveolar concentration [MAC])
for cyclopropane, diethyl ether, fluroxene, halothane, and
methoxyflurane (Fig. 11.13).115 Moderate hypothermia also re-
duces the concentration of anesthetic required to produce apnea.
There is little difference between halothane, pentobarbital, and
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chloralose in their effects on whole-body oxygen consumption
during surface cooling in dogs (Fig. 11.14).116

Three methods of whole-body cooling have been used: sur-
face, body cavity, and extracorporeal. Surface cooling is usually
accomplished by directly immersing the unprotected body in ice
water or by placing the body on a mattress through which ice
water is circulated. Hyperventilation is maintained throughout
the procedure to keep the blood pH on the alkaline side of nor-
mal. This has been shown to reduce cardiac arrhythmias and fib-
rillation. Below 28°C (82.4°F), no anesthetic is needed, and the
patient is maintained on artificial ventilation alone. Active cool-
ing is stopped when approximately two-thirds of the desired tem-
perature fall has been accomplished. Otherwise, the temperature
continues to drop once the desired degree of hypothermia has
been reached.

Body cavity cooling is accomplished by pouring cold saline
solution into the open thoracic cavity.117 This method has the dis-
advantage of being slow and requiring large volumes of saline
solution.

Extracorporeal cooling can be accomplished by running blood
from a cannulated artery through a heat exchanger using cold tap
water as the cooling medium. A pump is required to force the
blood through the system. Thrombosis is prevented by adminis-
tration of heparin. Extracorporeal cooling has been used to lower
the brain temperature below that of the general body tempera-
ture, but carries with it the dangers of hemolysis, interference
with the blood coagulation mechanism, and thrombosis. The
most obvious advantage is that it provides the best control over
body temperature, and rewarming can be performed quickly and
efficiently by running warm water through the heat exchanger.
Warming also may be accomplished by covering the patient with
electric blankets or by using warm-water baths. Microwave re-
warming has been used experimentally.116

Since hypothermia is a form of general anesthesia, it carries
the risks of profound depression of the CNS and vital organs. In
addition, it has its own hazards for the circulatory system, skin
and internal organs, and metabolism. Blood pressure falls during
hypothermia, owing to decreased cardiac output, whereas periph-

eral vascular resistance increases. Occasionally, blood pressure
may drop severely. The fall in heart rate seen with hypothermia
is caused by depression of the sinoatrial node and the bundle of
His. These conduction changes are manifested by a prolonging of
the PR interval, spreading of the QRS complex, and lengthening
of the ST interval. In dogs, a cardiac crisis occurs between 23°
and 15°C. This is characterized by cessation of sinus rhythm, in-
tense bradycardia, ventricular extrasystoles, and ventricular fib-
rillation or standstill. As expected, atropine does not relieve the
bradycardia. Ventricular fibrillation has been shown to occur
most often when the temperature of the heart muscle is below

Injectable and Alternative Anesthetic Techniques ● 293

Fig. 11.12. Relation of oxygen uptake by the brain to temperature.
From Bering et al.110

Fig. 11.13. The percentage decline between 37° and 27°C of the
minimum alveolar concentration (MAC) required for anesthesia.
Cyclopropane, the least oil-soluble agent, declines least, and
halothane and methoxyflurane, the most oil-soluble agents, decline
most. From Regan and Eger.115

Fig. 11.14. Whole-body oxygen consumption compared with
esophageal temperature during surface cooling in dogs. The least-
squares best-fit lines are shown for three anesthetics: pentobarbital,
halothane, and �-chloralose. Each point represents the mean, and
each bar 1 SD. From Westenskow et al.116
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28°C and when the heart is manipulated. Fibrillation rapidly de-
pletes cardiac muscle energy stores. It occurs less frequently in
young animals than in adults. Hypercapnia with acidemia, hyper-
kalemia, and myocardial hypoxia also appears to cause fibrilla-
tion. The incidence of spontaneous ventricular fibrillation has
been shown to vary with the anesthetic used to initiate hypother-
mia. For example, administration of pentobarbital produces a
higher incidence than does use of thiopental or ether.118

Several cardioplegic solutions have been used to stop the heart
and to prevent fibrillation. Hypothermia plus cardioplegia is more
protective of cardiac tissue than is hypothermia alone.119,120

Combined with deep hypothermia, cardioplegia solutions have
provided 30 min of cardiac arrest without heart-lung bypass.

During hypothermia, clotting time is prolonged. In addition, the
platelet count decreases, hemoconcentration occurs with sludging,
and eosinophil and leukocyte counts decrease, accompanied by a
fall in the mean corpuscular hemoglobin concentration.

Prolonged periods of hypothermia have detrimental effects on
patients.121–123 In dogs held at 29°C for 24 h, cardiac output and
whole-body oxygen consumption decreased progressively to 7%
and 28% of control, respectively. Cerebral blood flow and cere-
bral oxygen consumption responded similarly. On rewarming,
cardiovascular collapse with severe tissue hypoxia and metabolic
acidosis occurs. Cerebral blood flow becomes grossly inade-
quate, with depletion of brain energy stores. Hypothermia se-
verely damages the liver, kidneys, and adrenal glands in dogs
when temperatures of around 25°C are maintained for several
hours.124 Short periods (1 to 2 h) of cooling, however, do not ap-
pear to cause demonstrable damage.

Hypothermia has been used for surgery of the heart and great
vessels, brain, and spinal cord, and in some other surgical proce-
dures. It also has been advocated in treatment of shock, stroke,
and cerebral and spinal contusion, and in prevention of brain
damage following a severe hypoxic episode. The chief factor lim-
iting its use alone in heart surgery is the danger of hypoxic brain
damage. For this reason, older patients and those with cardiac de-
fects requiring extensive repair should be managed with heart-
lung bypass. Hypothermia has also been used in dogs to remove
heartworms and to repair cardiac anomalies, but its use is not
widespread. This is probably because many veterinarians are un-
aware of the simplicity of the technique and do not appreciate its
potential.

Induction
To produce hypothermia in dogs, a phenothiazine tranquilizer
may be given IV as a preanesthetic agent. A thiobarbiturate is in-
jected for general anesthesia, following which an endotracheal
catheter is inserted and an inhalant anesthetic is used for mainte-
nance. A slow intravenous drip of Ringer’s lactate solution or 5%
dextrose is started, and a muscle relaxant is given in the drip tub-
ing to abolish respirations. Controlled ventilation is then initi-
ated. Unless a cooling mattress is available, the animal is posi-
tioned in a sink, bathtub, or other container, with its head above
water. Electronic thermometer probes are placed in the esopha-
gus at heart level and in the rectum, and electrodes of an electro-
cardiograph are attached to the feet. From this point, constant

monitoring of the electrocardiogram on an oscilloscope is desir-
able, because cardiac fibrillation may occur at any time during
the cooling period and requires immediate corrective measures.

Ice water is used for rapid cooling. It should be constantly ag-
itated by hand or with a pump. The dog should be removed from
the bath before the desired body temperature is reached, because
temperature will continue to decline even after the dog’s removal
from the water.

After removal, the dog should be dried with towels and placed
on an inactive heating pad during the operative period.
Rewarming can then be started as soon as closure of the surgical
wound is begun. As anesthesia is discontinued and shivering
commences, the body temperature quickly begins to rise. If the
operation is short, rewarming in a water bath may be necessary,
along with administration of atropine and neostigmine to reverse
the effects of the muscle relaxant.

Electronarcosis and Immobilization
Electric stimulation of the brain can activate either opioid or
nonopioid pain-control pathways or both.125 Passage of electric-
ity through the brain to produce anesthesia has been investigated
for many years. In the veterinary field, clinical trials were con-
ducted by Sir Frederic Hobday in England as early as 1932.
Despite extensive research, much remains to be learned about
this technique. Early work documented the occurrence of respi-
ratory depression, hyperthermia, convulsions, and fatalities.
Electronarcosis may be of greatest use in situations where pro-
longed anesthesia is required for experimental purposes.

Most instruments deliver the current through needle electrodes
applied to the head. Direct, pulsating direct, and alternating cur-
rent have been used to produce electronarcosis. Alternating cur-
rent of 700 cycles, 35 to 50 mA, and approximately 40 V has
been employed.126 Others have used combined direct and alter-
nating current, modified to produce a rectangular wave for 1.0 to
1.4 ms, with a frequency of 100 waves/s.127 Continuous electrode
contact is important to maintain electronarcosis anesthesia.
Individual variation among animals requires that the current be
adjusted for each according to the response observed.

Electronarcosis is characterized by convulsions on induction
unless a muscle relaxant is first administered. An exception to
this is the method employing direct current for induction and
then both direct and alternating current.127 Profuse salivation de-
velops on induction and continues throughout. This can be coun-
teracted by using atropine. Endotracheal intubation should al-
ways be performed. Hyperthermia, probably caused by
disturbance of the thermoregulatory center in the hypothalamus,
is commonly seen. The electroencephalogram immediately fol-
lowing anesthesia is decreased in amplitude and increased in fre-
quency, but returns to normal within 30 min. Brain lesions have
been found following electronarcosis,128 and skin burns from the
electrodes have been reported.129

Electronarcosis appears to produce severe stress, as evidenced
by an increased plasma level of hydroxycorticoids, epinephrine,
and norepinephrine (Fig. 11.15). The blood pressure rises sharply
and then gradually falls to near normal levels (Fig. 11.16). The
clotting time, sedimentation rate, hemoglobin, hematocrit, and
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total and differential white blood cell counts do not differ from
preinduction values.130 There is little effect on arterial oxygen
partial pressure; carbon dioxide content and pH decrease, whereas
blood glucose rises. It was originally thought that electronarcosis,
which produces an uninhibited response of the adrenal medullary
and cortical systems, may be more desirable than drug-induced
anesthesia, which usually depresses this response.131 This is in
contrast to the modern concept of anesthesia, which endeavors to
minimize sympathetic nervous system response associated with
the production of general anesthesia. Consequently, there has
been a loss of interest in electronarcosis and immobilization as
humane alternatives for producing general anesthesia.

In addition to questionable humaneness, it is difficult to as-
sess the depth of unconsciousness achieved by electronarcosis.
Muscle relaxation varies from adequate to poor. Pain induced by
surgery may cause body movements in animals that appear un-
conscious. The photomotor reflex is probably the best means of
determining the depth of anesthesia if a large dose of atropine
has not been used. Early investigators indicated that analgesia
persists for several minutes after removal of the current and the
animal often appears hypnotized. A slight stimulus may then
cause complete arousal, and the patient resumes all normal
activities.

In the mid-1980s, electroimmobilization was advocated and
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Fig. 11.15. Epinephrine secretion in response to a stan-
dard laparotomy: a comparison of different agents for
anesthesia. The points on each curve represent the aver-
age values from seven dogs. Electronarcosis and laparo-
tomy produced the greatest rise in epinephrine secretion,
with response to procaine and to ether next in order, re-
spectively. Nembutal (pentobarbital) depressed the epi-
nephrine level of plasma despite the associated surgery.
From Hardy et al.142

Fig. 11.16. Mean femoral artery blood pressure in a
dog under electronarcosis: preinduction (A), induc-
tion (B), beginning surgical anesthesia (C), and 15
min after onset of surgical anesthesia (D). Courtesy of
Dr. R.A. Herin, Colorado State University, Fort Collins,
Colorado.
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used by sheep and cattle producers and some veterinarians for re-
straint and processing of food animals. This technique was rec-
ommended for minor surgery, although strong evidence exists
that electroimmobilization is aversive and does not eliminate
pain. Amnesia and unconsciousness are not achieved with the
manufacturer’s recommended electrode placement and electric
current application, and this technique may induce pain and dys-
phoria. Consequently, electroimmobilization is no longer widely
used, nor can it be recommended as a humane method of animal
restraint.132

Acupuncture
This technique has been advocated for providing analgesia dur-
ing the operative and postoperative periods, to treat chronic pain,
and even to treat selected disease states. Charts for people and
farm animals (horses, cattle, and pigs) can be commonly found
in the Oriental literature. Acupuncture points can be stimulated in
many different ways, including needling, injection of saline,
electric stimulation, and metal implantation. It has been shown
that electroacupuncture minimally decreases halothane MAC in
dogs. Although the mechanism of action of acupuncture has been
suggested to be the activation of the endogenous opioid neuro-
transmitter system, the administration of opioid antagonists does
not reverse acupuncture-induced decreases in halothane MAC.
Some investigators have indicated that acupuncture induces sur-
gical analgesia. However, there appear to be three reasons why
acupuncture should not be solely relied upon for surgical anes-
thesia: lack of restraint, inadequate analgesia, and lack of ade-
quate information on acupuncture points to be used for specific
surgical sites. These factors—along with the disadvantages of
unfamiliarity, time-consuming methods of application, and in-
consistent effects—have made acupuncture an unreliable and
nonviable method of producing general anesthesia. Acupuncture
may be best used for treatment of chronic pain in animals.
Treatment of laminitis and chronic back pain in horses has re-
portedly been effective.133 See Chapter 24 for further discussion.

Physiological Hypnosis
Certain species of animals are highly susceptible to hypnosis
(immobility reflex). These include arthropods, amphibians, rep-
tiles, birds, guinea pigs, and rabbits. This modality is seldom
used in animal anesthesia because of a lack of analgesia associ-
ated with the state of physiological hypnosis. Hypnosis should be
viewed as a legitimate method of producing immobilization, not
anesthesia.
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Introduction
The term dissociative anesthesia is used to describe an anes-

thetic state induced by drugs that interrupt ascending transmis-
sion from the parts of the brain responsible for unconscious and
conscious functions, rather than by generalized depression of all
brain centers as seen with most other general anesthetics.1

Dissociative anesthesia is characterized by a cataleptoid state in
which the eyes remain open with a slow nystagmic gaze.2

Varying degrees of hypertonus and purposeful or reflexive skele-
tal muscle movements often occur unrelated to surgical stimula-
tion. Although somatic analgesia may be intense, it is relatively
brief.

Phencyclidine, ketamine, and tiletamine are dissociative anes-
thetics that have been used clinically for immobilization and
anesthesia.3,4 Phencyclidine was the first dissociative used in vet-
erinary anesthesia, but it is no longer available for clinical use.
Tiletamine is available for use only in combination with the ben-
zodiazepine zolazepam. In a 1:1 ratio, this drug combination is
marketed as Telazol in the United States and as Zoletil in Europe.
In most respects, the pharmacodynamics of tiletamine are simi-
lar to those of ketamine (the most commonly used dissociative
anesthetic), but tiletamine’s potency and duration of action are
intermediate between those of phencyclidine, the most potent,
and ketamine, the least potent.

Pharmacology
Effects on the Nervous System
Dissociative anesthetics produce dose-related unconsciousness
and analgesia. Because of their low molecular weight, a pKa near

physiological pH, and high lipid solubility, dissociative anesthet-
ics have a rapid onset of action. Classically, the mechanism of ac-
tion has been described as selective depression of neuronal func-
tion of the neocorticothalamic axis and the central nucleus of the
thalamus with concurrent stimulation of selected parts of the lim-
bic system, including the hippocampus.5,6 More recently, antag-
onism of the N-methyl-D-aspartate (NMDA) receptor has been
proposed as the most likely molecular mechanism responsible
for most of the anesthetic, analgesic, psychotomimetic, and neu-
roprotective effects of the drug.7 Alternatively, effects could be
mediated in part by one or more of the following: (a) action on
voltage-dependent sodium, potassium, and calcium channels; (b)
depression of acetylcholine receptors; (c) enhancement and pro-
longation of �-aminobutyric acid (GABA) receptors that link to
chloride channels (GABAA receptors); and (d) depression of no-
ciceptive cells in the medial medullary reticular formation and
activity of cells in laminae I and V of the dorsal horn.8–10

Dissociative anesthetic administration to people with a history
of seizures does not promote seizure activity despite the presence
of thalamic and limbic epileptiform electroencephalogram pat-
terns.11,12 In fact, low doses of ketamine may have anticonvul-
sant properties through antagonism of NMDA receptors.13–16

Nevertheless, ketamine-associated seizures have been reported in
some animals, and use of ketamine, or any other dissociative
anesthetic, in animals with a history of epilepsy or other seizure
disorders should be avoided, if possible.17–20

Analgesia produced by dissociative anesthetics occurs at sub-
anesthetic doses. Elevated pain thresholds correlate with plasma
ketamine concentrations of 0.1 µg/mL or greater.21 The degree of
analgesia appears to be greater for somatic pain than for visceral
pain.22 In cats, visceral analgesia induced by ketamine (2, 4, and
8 mg/kg intravenously [IV]) is similar to that produced by butor-
phanol (0.1 mg/kg IV). With increasing doses of ketamine, or
when ketamine and butorphanol are administered simultane-
ously, visceral analgesia is not increased.23 At a high dose of ke-
tamine (8 mg/kg), cats appear anesthetized but still respond to
colonic nociceptor stimulation, suggesting limited visceral anal-
gesia in cats and probably other species. Dissociative anesthetics
appear to be more useful for anesthesia and postoperative analge-
sia related to integumentary and superficial musculoskeletal sur-
gery.23,24 Furthermore, NMDA receptors appear to be involved in
hyperalgesic responses after peripheral tissue injury and inflam-
mation, suggesting that ketamine (and possibly other dissocia-
tives) would be effective at reducing hyperalgesia following tis-
sue trauma.25–29
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Local infiltration of ketamine may produce a brief period of
local anesthetic effect.30,31 When administered simultaneously
with bupivacaine, ketamine doubles the duration of analgesic and
local anesthetic effects of bupivacaine.32 This peripheral anal-
gesic effect of ketamine may be attributed to one or all of the
following mechanisms: (a) blockade of sodium and potassium
currents in peripheral nerves, (b) blockade of NMDA, �-amino-
hydroxy-5-methyl-4-isoxazoleproprionic acid (AMPA), and kai-
nite receptors on unmyelinated axons, and (c) blockade of gluta-
mate effects on C-fiber free-nerve endings.33–37

Similar to systemic administration, epidural ketamine appears
to produce profound somatic but poor visceral analgesia.
Epidural administration produces a dose-dependent analgesic ac-
tion.38,39 In rats, a dose of 6 mg/kg induces motor blockade last-
ing 5 to 15 min, whereas sensory blockade alone occurs with
lower doses (4 mg/kg).40 In horses, the caudal epidural injection
of lower doses of ketamine (0.5, 1.0, or 2.0 mg/kg) prevents no-
ciceptive responses initiated by surgical incision and is associ-
ated with dose-dependent perineal analgesia.41,42 In halothane-
anesthetized ponies, epidural ketamine reduces the minimum
alveolar concentration (MAC) of halothane between 14% (at a
dose of 0.8 mg/kg) and 12% (at a dose of 1.2 mg/kg), which is
similar to the reduction in MAC achieved with epidural morphine
administration (14%).43 When combined with epidural xylazine
(0.5 mg/kg), ketamine (1 mg/kg) induces perineal analgesia last-
ing 20 min or longer. In some horses, analgesia is extended to the
thigh and flank regions.44 In another study, the subarachnoid ad-
ministration of ketamine (1 to 2 mg/kg) at the L1-L2 interverte-
bral space of dogs produced analgesia of the hind limbs.45

Tissue trauma produces continuous nociceptive stimulation of
C fibers that activates NMDA receptors in the central nervous
system (CNS). This activation of NMDA receptors decreases the
threshold to glutamate, making them more responsive to stimuli.
As a result, windup may develop, which is clinically manifested
as an exaggerated response to subthreshold noxious stimuli fol-
lowing a primary injury and amplification of postoperative
pain.46,47 These results have led to the concept of preemptively
treating central sensitization as an important part of pain man-
agement. Consequently, the administration of ketamine at sub-
anesthetic doses as a continuous-rate infusion in combination
with other analgesics (e.g., opioids) has gained popularity in pre-
venting or minimizing pain following surgery in both people and
animals.48–53

Dissociative anesthetics induce significant increases in cere-
bral blood flow (CBF), intracranial pressure (ICP), and cere-
brospinal fluid pressure as a result of cerebral vasodilation and
elevated systemic blood pressure.54–60 The mechanism of 
ketamine-induced elevated ICP remains controversial. Ketamine
increases CBF and ICP in awake goats when arterial carbon
dioxide partial pressure (PaCO2) is allowed to rise but has no ef-
fect on CBF and ICP when PaCO2 is maintained at a preketamine
level, suggesting an indirect mechanism.61–63 In piglets with pre-
existing intracranial hypertension, ketamine induced further in-
creases in ICP, paralleling a rise in PaCO2. When ventilation was
controlled, no increase in ICP was observed in piglets with nor-
mal or elevated ICP.62 These studies suggest that initiating con-

trolled ventilation is prudent when dissociative anesthetics must
be administered to patients with intracranial disease. Increased
skeletal, thoracic, and abdominal muscle tone can also impede
venous return from the head, increasing intracranial blood vol-
ume and pressure.62,63

Dissociative anesthetics may not be contraindicated in all pa-
tients at risk for intracranial hypertension, particularly when ad-
ministered in the presence of another anesthetic and/or when
controlled ventilation is instituted. It has been hypothesized that
when ketamine is administered in the presence of another anes-
thetic, the second anesthetic may suppress ketamine’s excitatory
effect on the CNS. Nevertheless, administration of ketamine
should be avoided in spontaneously breathing patients with sus-
pected intracranial hypertension or disease until scientific evi-
dence to the contrary emerges.

Abnormal behavior, which may progress to delirium, may oc-
cur during emergence from dissociative anesthesia. Depression
of the inferior colliculus and medial geniculate nucleus leading
to misperception of auditory and visual stimuli may be responsi-
ble for this reaction.64 Emergence reactions are characterized by
ataxia, increased motor activity, hyperreflexia, sensitivity to
touch, and sometimes violent recovery.16,65,66 These reactions
usually disappear within several hours without recurrence. Pre-
medication with or concurrent administration of �2-adrenergic
agonists, acetylpromazine, or a benzodiazepine (e.g., diazepam,
midazolam, or zolazepam),decreases the incidence and/or sever-
ity of emergence reactions.67–72

Effects on the Cardiovascular System
The cardiovascular effects of dissociative anesthetics are charac-
terized by indirect cardiovascular stimulation. Various effects on
target organs include sympathomimetic effects mediated from
within the CNS, inhibition of neuronal uptake of catecholamines
by sympathetic nerve endings, direct vasodilation of vascular
smooth muscle, and an inotropic effect on the myocardium.73–76

Heart rate and arterial blood pressure usually increase as a result
of increased sympathetic efferent activity.77 Plasma concentra-
tions of epinephrine and norepinephrine can increase within 2
min of intravenous administration of ketamine and return to con-
trol levels 15 min later.78 In dogs and cats anesthetized with ket-
amine, mean arterial pressure, heart rate, and cardiac output in-
crease while peripheral vascular resistance remains mostly
unchanged.22,79–84 Myocardial stimulation is associated with in-
creased cardiac work and myocardial oxygen consumption. In
healthy animals, increases in myocardial oxygen supply usually
result from increased cardiac output and a decrease in coronary
vascular resistance such that increases in coronary blood flow
parallel the increase in oxygen consumption.85,86 However, some
studies indicate that ketamine-induced increases in coronary
blood flow may be insufficient to meet myocardial oxygen de-
mand, especially if cardiovascular disease is present.87,88 The
cardiovascular stimulating effects induced by dissociative anes-
thetics are blunted or prevented by prior administration of a ben-
zodiazepine, droperidol, acetylpromazine, or �2-adrenergic ago-
nists, or the concomitant administration of inhalation anesthetics,
including nitrous oxide.89–93
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The direct effect of ketamine on the myocardium remains in-
completely characterized. Positive inotropic effects have been
demonstrated in patients whose heart rates were kept constant by
atrial pacing and in isolated mammalian papillary muscle.76,94–97

However, in denervated hearts, ketamine (and presumably other
dissociative anesthetics) induces direct myocardial depression in
vivo and in vitro.97–102 Cook et al.97 suggested that the predomi-
nant inotropic mechanism of ketamine is inhibition of cate-
cholamine reuptake at the neuroeffector junction, leading to
stimulation of �-adrenoceptors. The importance of an intact and
normally functioning nervous system in stimulating cardiovascu-
lar function is underscored when ketamine is administered in the
presence of other anesthetics. For example, when administered to
dogs anesthetized with pentobarbital, ketamine induces a bipha-
sic response in blood pressure, whereas in conscious dogs it in-
duces only a pressor response.79,100

A direct dose-dependent negative inotropic effect of ketamine
on failing and nonfailing human myocardium has been demon-
strated. The negative inotropic effect of ketamine cannot be at-
tributed primarily to the absence of sympathetic tone but rather
to other direct negative inotropic mechanisms. Therefore, keta-
mine administration for induction of anesthesia may induce an
unanticipated decrease in myocardial contractility in patients
with end-stage heart disease.103

The survival rate of animals in shock is reportedly greater
when they are anesthetized with ketamine versus halothane.104

Ketamine has been shown to suppress activation of endotoxin-
induced neuronal nuclear factor �B, which regulates the produc-
tion of proinflammatory cytokines, including tumor necrosis fac-
tor � in human glioma cells in vitro and intact mouse brain cells
in vivo. Therefore, in theory, ketamine may offer some neuropro-
tective effects during endotoxemia.105 Furthermore, intravenous
administration of ketamine (10 mg/kg/h) prior to injection of en-
dotoxin to rats completely inhibits the hemodynamic effects
(profound hypotension), metabolic acidosis, and the release of
cytokines associated with endotoxin shock. However, the hemo-
dynamic effect and the release of cytokine are only modestly
suppressed when ketamine is administered after exposure to
endotoxin. Thus, ketamine may have protective effect in patients
with endotoxemia, but only when given preemptively.106

Critically ill patients occasionally respond to ketamine with 
an unexpected decrease in blood pressure and cardiac output.94

This likely results from depletion of catecholamine stores and 
an uncovering of ketamine’s direct myocardial depressant
effects.107

Effects on the Respiratory System
Dissociative anesthetics, when given alone, differ from most
other anesthetics in that they do not depress ventilatory responses
to hypoxia.108 In dogs anesthetized with ketamine, respiratory
rate and minute volume decrease initially, but both return to base-
line values within 15 min.109 In cats and sheep, ketamine induces
a dose-dependent transient decrease in arterial oxygen partial
pressure (PaO2) in the presence of decreased or increased respi-
ratory rate.22,110–114 At higher doses, respiration is characterized
by an apneustic, shallow, and irregular pattern.3,19,84 Severe res-

piratory depression or arrest with an overdose of dissociative
anesthetic has been reported in human patients and cats.84,115–117

Dissociatives often cause increased salivation and respiratory-
tract secretions, which can be partially controlled by administra-
tion of an antimuscarinic (e.g., atropine). Laryngeal and pharyn-
geal reflexes usually are partially or fully maintained during
dissociative anesthesia. Nevertheless, swallowing reflexes may
be somewhat obtunded because most species can be intubated
when anesthetized with ketamine. Careful airway management
and/or endotracheal intubation should always be performed to
prevent aspiration.

Effects on the Hepatic and Renal Systems
Hepatic dysfunction following clinical use of ketamine, and
other dissociatives, is not evident in either people or dogs.1,118 A
significant increase in serum concentrations of liver enzymes has
been observed in people anesthetized with a ketamine infusion
and dogs given higher intramuscular doses (40 mg/kg daily for 6
weeks).1,118 In rats, ketamine induces hepatic microsomal en-
zymes but to a lesser extent than that seen with phenobarbital.119

The effect of ketamine-associated liver microsomal enzyme in-
duction on drug interactions during anesthesia is largely unchar-
acterized.

Dissociative anesthetics generally undergo extensive hepatic
biotransformation in dogs, horses, and people. Some hepatic me-
tabolism occurs in cats, but normally the majority of drug is ex-
creted via the kidney.113,120 Rapid recovery following intra-
venous bolus ketamine administration is by rapid redistribution
of ketamine from the CNS to other tissues, primarily fat, lung,
liver, and kidney.121 Clinically, animals with significant hepatic
dysfunction do not metabolize ketamine as rapidly as do healthy
animals. Animals with renal dysfunction or obstruction to urine
flow also have prolonged sleep times when larger doses of keta-
mine are given.112 Generally speaking, dissociative anesthetics
should be given cautiously to animals that have significant he-
patic or renal dysfunction.

Effects on Intraocular Pressure
In people, a slight increase in intraocular pressure (IOP) inde-
pendent of changes in blood pressure has been observed during
ketamine anesthesia.122,123 However, conflicting results have
been reported. Intravenous or intramuscular administration of ke-
tamine alone (2 to 8 mg/kg) reportedly did not affect IOP signif-
icantly.124,125 IOP increases during xylazine and ketamine anes-
thesia in dogs, whereas it tends to decrease in horses.126,127

Increases in extraocular muscle tone induced by ketamine may
be responsible for the IOP increase.128 With this in mind, keta-
mine should be used with caution in patients with corneal in-
juries where increased IOP may result in expulsion of intraocu-
lar contents.

Clinical Use
Dogs
Dissociatives can increase muscle tone and can induce sponta-
neous movement and rough recoveries, and occasionally convul-
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sions, in dogs (Tables 12.1 and 12.2).66,109 To reduce these unde-
sirable effects, dissociatives are often used in combination with
adjunctive drugs. Benzodiazepines induce a central muscle relax-
ant effect that decreases the muscle hypertonus associated with
ketamine.129 In a comparative study, both midazolam-ketamine
and diazepam-ketamine combinations induced minimal cardio-
vascular and respiratory effects. Time to intubation was signifi-
cantly shorter with midazolam-ketamine, but recovery seemed to
be smoother with diazepam-ketamine.130 Zolazepam is com-
bined with tiletamine in a fixed ratio in the proprietary mixture
Telazol. This combination reduces the adverse effects of tileta-

mine when given alone, although the metabolism of zolazepam
can vary among species and may result in a longer or shorter ef-
fect relative to tiletamine. Intravenous administration of acepro-
mazine (0.11 mg/kg) and ketamine (11 mg/kg) induces anesthe-
sia for 10 to 35 min, with good muscle relaxation and smooth
recovery.66

Xylazine (1.1 mg/kg intramuscularly [IM]) or medetomidine
(10 to 30 µg/kg [IM]) is often used with ketamine (5 to 10 
mg/kg IM) for short-term anesthesia of 25 to 40 min. The keta-
mine dose can be adjusted, depending on the desired duration of
surgery.109,131 In high-strung small-breed dogs, small ketamine
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Table 12.1. Use of ketamine alone or ketamine combinations in dogs.

Drug(s) Dose(mg/kg) and Route Duration (min) Comment

Ketamine alone 10, IV 15±8 c Muscle tone
Short duration
Anesthesia inadequate for surgery

1 or 2, intrathecally — Analgesia of the hind limbs 
10 µg/kg/min, CRI — d Isoflurane MAC by 25%

Ketamine K 10 µg/kg/min; L 50 — d Isoflurane MAC by 45%
Lidocaine µg/kg/min; M 3.3 µg/kg/min, IV
Morphine Simultaneously for CRI

Acepromazine 0.55, IM 20–90 Occasional seizures
Ketamine 11–22, IM
Thiamylal To effect, IV

Acepromazine A 0.5, IV; K 10 IM — Good restraint
Ketamine A 0.2, IV; K 10 IV 39±8 Clinical anesthesia, less muscle rigidity

A 0.22, IM; K 11–18 IM — Restraint, spastic movements, and prolonged recovery

Xylazine X 0.55–1.1, IM; K 22, IV, to effect — Surgical anesthesia, muscle relaxation, and analgesia 
and for abdominal surgery

Ketamine X 2.2, IM; K 11 IM — Occasional seizures
X 2.2 IM; K 5.5 IM — Occasional seizures
X 0.22, IM; K 10, IM 28–36 —
X 1, IV; K 10, IM 32±6 Better muscle relaxation than ketamine alone
X 1, IM; K15, IM 24.0±5.5 —

Xylazine 1.1, IM 25–60 Occasional seizures
Ketamine 11–22, IM
Thiamylal To effect, IV

Atropine A 0.04, IV; X 1.1, IV; K 11, IV — —
Xylazine A 0.044, IM; X 1.1 IM; K 22 IM 17–35 c Risk in dogs with cardiopulmonary disease
Ketamine

Guaifenesin G 50 mg/mL; X 0.25 mg/mL; K 1 mg/mL 120 Stable anesthesia
Xylazine Induction, 0.55 mL/kg, IV
Ketamine Maintenance, 2.2 mL/kg/h, IV

Medetomidine M 0.04, IM; K 2.5, IM 7.0±0.9 —
Ketamine M 0.04, IM; K 5, IM 30.0±4.9 Longer duration of muscle relaxation, and recovery than 

xylazine-ketamine, and prolonged recovery
M 0.04, IM; K 7.5, IM 51±8 —
M 0.04, IM; K 5, IM >75 Significant cardiovascular changes

Diazepam D 0.28, IV; K 5.5, IV — Suitable induction for greyhound
Ketamine

Midazolam M 0.5, IV; K 10, IV 13.3±3.1 c Heart rate, mild respiratory depression, and better 
muscle relaxation

Ketamine M 0.28, IV; K 5.5, IV — More myoclonic movements, shorter time to intubation, 
and suitable induction for greyhound

CRI, continuous-rate infusion; IM, intramuscularly; IV, intravenously; MAC, minimum alveolar concentration.



doses produce insufficient anesthesia and have a greater tendency
to cause seizure. Dogs might salivate excessively during keta-
mine anesthesia, but this can be controlled with atropine or gly-
copyrrolate. �2-Adrenergic agonist–induced bradycardia and
second-degree atrioventricular block may be minimized by keta-
mine’s sympathomimetic effect. However, atropine should be
given if cardiac slowing is pronounced. An advantage of �2-
adrenergic agonist–ketamine combinations is the reversibility of
CNS and cardiopulmonary depression. Antagonism should not
be initiated for at least 20 min after ketamine administration un-
less required to treat severe adverse effects. Earlier antagonism
may cause ketamine-induced hyperexcitability and seizures.132

In dogs, intravenous continuous-rate infusion of a low dose of
ketamine (10 µg/kg/min) reduces the isoflurane MAC by 25%,
whereas the continuous-rate infusion of a combination of mor-
phine (3.3 µg/kg/min), lidocaine (50 µg/kg/min), and ketamine
(10 µg/kg/min) has reduced the isoflurane requirement as much
as 45%.133 Concurrent administration of either morphine-
lidocaine or morphine-ketamine combinations reportedly re-
duces CNS hypersensitivity in people suffering inflammatory or

neuropathic pain.134–137 Tables 12.1 and 12.2 further summarize
the use of ketamine and Telazol either alone or in combination
with various other classes of drugs when employed as anesthet-
ics in dogs.

Cats
In cats, dissociatives have been used as primary anesthetic
agents. Diazepam (0.3 mg/kg) is commonly mixed in the same
syringe with ketamine (5.5 mg/kg) and given slowly IV for short-
term anesthesia. This has proven to be a safe combination in cats
with compromised cardiovascular function. Diazepam (0.22
mg/kg IV or 0.44 mg/kg IM) followed by ketamine (1 to 5 mg/kg
IM) has also been used successfully in geriatric cats.138

Administration of butorphanol prior to diazepam-ketamine may
increase analgesia and enable diagnostic or surgical procedures
to be performed when endotracheal intubation and delivery of an
inhalant anesthetic are not feasible.132 When various doses of mi-
dazolam (0.05, 0.5, 1.0, 2.0, or 5.0 mg/kg IV) are combined with
ketamine (3 mg/kg IV), the duration of anesthesia increases
slightly. However, increasing the intravenous midazolam dose (5
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Table 12.2. Use of Telazol alone or Telazol combinations in dogs.

Drug(s) Dose and Route (mg/kg) Duration (min) Comment

Telazol alone 9.9, IM 21.0±10.9 Unsatisfactory recovery in two dogs
9.9, IV 20.1±6.38 —

Telazol alone 6.6, IV 17.5±11.7 Smooth recovery
13.2, IV 37.0±18.1 Rougher recovery
19.8, IV 50.8±27.27 Rougher recovery

Telazol alone 6.6–9.9, IM 30 Diagnostic examinations
Restraint

2–4, IV 15–20 Diagnostic examinations
Restraint

9.9–13.2 IM 30–90 Minor surgical procedures (mild to moderate analgesia)
4.0–9.9 IV 20–80 —

Telazol alone 2, IV 11.9±6.6 Minor procedures require no intubation
Easy intubation

4, IV 22.7±7.3 —
Telazol alone 15.4, IM 40 Anesthesia

6.6, IV or IM 20–25 Light surgical anesthesia
Telazol alone 5.7, IM (4.0–8.6) 41.5 (15–77) Satisfactory anesthesia

9.7, IM (8.8–13.0) 56.6 (33–106) Satisfactory anesthesia
17.8, IM (13–22) 79.7 (37–124) Satisfactory anesthesia

Telazol alone 4, IV — Satisfactory restraint for intradermal skin testing
Telazol alone 5, IV 38.5±23.0 Injection of flumazenil shortens recovery
Telazol alone 6–12, IM — —
Telazol alone 4–100, IM — —

Telazol 8.8, IM 100 Anesthesia
Xylazine 1.1, IM Good muscle relaxation
Butorphanol 0.22, IM Good analgesia

Telazol alone 19.7±3.3, IM — Unsatisfactory sedation in vicious dogs

Butorphanol 0.7, IM — Unsatisfactory sedation in vicious dogs
Telazol 10.6±1.3, IM

Acepromazine 1.8±1.2, IM — Adequate sedation in vicious dogs
Telazol 19.3±1.8, IM

IM, intramuscularly; IV, intravenously.



mg/kg) will often prolong objectionable behavioral signs (rest-
lessness, vocalization, and changes in ability to approach and re-
strain).139 Telazol has been used alone or in combination in cats.
Zolazepam appears to be metabolized at a slower rate than tilet-
amine in this species, resulting in residual muscle relaxation and
sedation, which often prolongs complete recovery. Xylazine and
ketamine have been combined with Telazol to alter the dissocia-
tive anesthetic–benzodiazepine ratio, improving recovery charac-
teristics, as well as facilitating possible antagonism with an �2-
adrenergic antagonist. This combination, which has been called
TKX (Telazol-ketamine-xylazine), is made by reconstituting 500
mg of Telazol powder with 100 mg (1 mL of 100 mg/mL) of xy-
lazine and 400 mg (4 mL) of ketamine. The resulting solution is
very potent and, by using an insulin syringe, is more accurately
dosed at 0.1 mL/5 kg of body weight.

Phenothiazine tranquilizers such as acepromazine have been
combined with ketamine for better muscle relaxation and a
smoother recovery. However, phenothiazine derivatives are �-
adrenoceptor antagonists, and hypotension, prolonged recovery,
and hypothermia may occur if they are used in higher doses.

�2-Adrenergic agonist–ketamine combinations have often
been used in cats. Xylazine (0.5 to 1.1 mg/kg IM), with or with-
out atropine, is administered 20 min before ketamine (11 to 22
mg/kg IM).68,140 Emesis is a common side effect of xylazine in
cats, and it has been suggested that this should be allowed to
occur prior to ketamine administration so as to prevent aspiration
of stomach contents.66 When compared with acepromazine (0.11
mg/kg IM)-ketamine (4.6 mg/kg IM), the simultaneous adminis-
tration of xylazine (0.23 mg/kg IM)-ketamine (4.6 mg/kg IM)
produces a longer anesthetic action. However, xylazine-ketamine
anesthesia is also accompanied by longer-lasting cardiopul-
monary depression.141

Medetomidine (10 to 80 µg/kg IM) has been combined with
several different doses of ketamine (2.5, 5, 7.5, and 10 mg/kg IM)
in cats undergoing ovariohysterectomy. The dose of ketamine is
usually reduced as the medetomidine dose increases. Apnea may
occur when the ketamine dose approaches 10 mg/kg. Good mus-
cle relaxation and profound analgesia are comparable to that
achieved with xylazine (1 mg/kg IM)-ketamine (10 mg/kg IM),
and anesthesia lasts longer than it typically does with the acepro-
mazine (1 mg/kg IM)-ketamine (10 mg/kg IM) combina-
tion.142,143 Specific �2-adrenergic antagonists such as atipame-
zole have been used to reverse medetomidine-ketamine
anesthesia. Atipamezole dosed at two- to threefold the medeto-
midine dose is effective in antagonizing most of the anesthetic
and analgesic effects of the medetomidine-ketamine combina-
tion.144,145 Recovery to sternal recumbency usually occurs
within 10 to 12 min after injection.146 Bradycardia, vomiting,
and excessive salivation, not unlike those seen with xylazine-
ketamine, are the most common side effects following (2 to 5
min) medetomidine-ketamine administration.147

The use of oxymorphone, morphine, meperidine, and butor-
phanol has been assessed in combination with ketamine in
cats.148,149 When administered at oxymorphone’s peak effect, the
ketamine requirement is decreased by 2.5% to 10%.148 Appar-
ently, the administration of morphine or meperidine neither im-

proves nor reduces the anesthetic effects of ketamine.149 Adding
butorphanol (0.1 mg/kg IV) to ketamine (8 mg/kg IV) appears to
increase the intensity and duration of analgesia for a variety of
procedures. The most effective dose of butorphanol ranges from
0.05 to 0.2 mg/kg IV. Some clinicians’ experiences suggest that
doses below and above this range provide less analgesia. It is im-
portant to realize that butorphanol is an opioid agonist-antagonist
that has a ceiling effect on analgesia as well as undesirable opi-
oid actions (e.g., respiratory depression). Doses above 0.2 mg/kg
may cause CNS stimulation that is unaccompanied by an in-
creased analgesic action. Tables 12.3 and 12.4 further summarize
the use of ketamine and Telazol either alone or in combination
with other drugs for use as anesthetics in cats.

Horses
Dissociatives should not be used as a monoanesthetics in horses
because of the potential for dangerous and uncontrollable behavior
and muscle incoordination. Preanesthetic sedation and tranquiliza-
tion must be present before ketamine is administered. �2-
Adrenergic agonists (xylazine, detomidine, or romifidine) are most
commonly used for this purpose. Xylazine (1.1 mg/kg IV), fol-
lowed in 5 to 10 min by ketamine (2.2 to 3.0 mg/kg IV), induces a
short period of anesthesia in horses. Higher doses of ketamine
(2.75 to 3.0 mg/kg IV) are usually required for ponies, young
“high-strung” Arabians, Hackneys, and thoroughbreds.150 Keta-
mine should not be administered if xylazine fails to produce ade-
quate sedation, and an alternative anesthetic technique (e.g.,
guaifenesin-thiobarbiturate mixture) should be considered.150 It is
not uncommon for heart and respiratory rates to decrease by one-
third after xylazine administration.151 After ketamine injection,
heart rate may remain decreased while respiratory rate returns to
prexylazine values.151 Cardiac output and systemic arterial, pul-
monary, and central venous pressures remain within normal ranges
during xylazine-ketamine anesthesia.151 Duration of anesthesia
(15 to 20 min) is related to redistribution of ketamine to other body
tissues and hepatic metabolism. In horses, approximately 60% of
ketamine is metabolized by the liver, with the remainder excreted
unchanged in the urine.152 Anesthesia can be extended by admin-
istering one-third to one-half of the original dose of each drug.

In horses, the addition of butorphanol (0.01 or 0.02 mg/kg) en-
hances muscle relaxation and analgesia when using a xylazine-
ketamine combination.153 Behavioral changes caused by butor-
phanol may be breed dependent. CNS stimulation characterized
by hyperresponsiveness and spasmodic lip movements has been
reported in high-strung individuals after butorphanol intravenous
administration, whereas deep sedation and ataxia were observed
at the same dose when given to a Belgian stallion.154 For ex-
tremely painful procedures, methadone with and without ace-
promazine has been administered to enhance analgesia during
xylazine-ketamine anesthesia.155,156

Ketamine (1.5 to 2.0 mg/mL) can be added directly to a 5% so-
lution of guaifenesin and the mixture administered as a rapid in-
fusion, or ketamine can be administered as a bolus (1.5 to 2.2
mg/kg IV) after administration of enough guaifenesin to produce
limb weakness (e.g., 1 to 2 mL/kg of a 5% solution). Less cardio-
vascular depression occurs with this combination, as compared
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Table 12.3. Use of ketamine alone or ketamine combinations in cats.

Drug(s) Dose and Route (mg/kg) Duration (min) Comment

Ketamine alone 2, 4, or 8, IV 105–115 Visceral analgesia
4–30, IM 20–45 Incomplete immobilization and chemical restraint

(11–40, IM) Little analgesia, better muscle relaxation, and minor
surgical procedures

22–44, IM — Chemical restraint, cataleptoid anesthesia, and lack of 
muscle relaxation

22, IM Castration, onychectomy, and restraint
33, IM 77 Ovariohysterectomy, cesarean section, laparotomy, 

orthopedic procedures; little analgesia, respiratory
depression, and occasional apnea

Oxymorphone 0.16, SC, IM, IV 10–20 Light anesthesia
Triflupromazine 1.1, SC, IM, IV
Ketamine 1.1–2.2, SC, IM, IV

Xylazine X 1.1, IM; K 15.4–22, IM 25–40 Vomiting
Ketamine X 2.2, IM; K 11, IM 118 Vomiting

X 0.23, IM; K 4.6, IM 85–135 Vomiting, and longer duration of anesthesia than 
acepromazine-ketamine

X 2.2–4.4, IM; K 6.6, IM 60–100 —
X 1, IM; K 10, IM 46.0±22.6 Satisfactory anesthesia, and depression of cardiovascular

system

Atropine 0.3, IM 20 Satisfactory anesthesia
Xylazine 1.1, IM
Ketamine 22, IM

Guaifenesin G 10 mg/mL; X 0.05 mg/mL; 360 Easy administration, stable anesthesia, rapid recovery,
Xylazine K 0.2 mg/mL and reversible with yohimbine or tolazoline
Ketamine Induction, 1.32±0.33 mL/kg, IV

Maintenance, 10 mL/kg/h, IV

Acepromazine A 0.11, IM; K 4.6, IM 35–45 Better maintained heart rate than xylazine-ketamine
Ketamine A 1, IM; K 10, IM 20.0±14.8 Poor muscle relaxation and analgesia

A 0.1, IV; K 2, IV 65 Visceral analgesia
A 0.1, IV; K 4, IV 80 Visceral analgesia
A 0.1, IV; K 8, IV 125±22 Visceral analgesia

Butorphanol B 0.1, IV; K 2, IV 280 Visceral analgesia
Ketamine B 0.1, IV; K 4, IV 325 Visceral analgesia

B 0.1, IV; K 8, IV 360 Visceral analgesia

Medetomidine M 0.08, IM; K 2.5, IM 36.2±11.5 Better muscle relaxation and satisfactory anesthesia
Ketamine M 0.08, IM; K 5, IM 59.0±6.4 Better muscle relaxation and satisfactory anesthesia

M 0.08, IM; K 7.5, IM 65.6±22.9 Better muscle relaxation and satisfactory anesthesia
M 0.08, IM; K 10, IM 99.7±26.7 Better muscle relaxation, satisfactory anesthesia, and 

occasional apnea
M 0.08, IM; K 7, IM 46±15 Vomiting, surgical anesthesia, and good muscle relaxation
M 0.08, IM; K 5, IM 50.2 —

Detomidine D 0.5; K 10, oral — Greater sedation than oral xylazine-ketamine or 
Ketamine medetomidine-ketamine

Diazepam D 0.2, IV; K 2, IV 20 Visceral analgesia
Ketamine D 0.2, IV; K 4, IV 60 Visceral analgesia

D 0.2, IV; K 8, IV 100 Visceral analgesia

Midazolam M 0.5, IV; K 3, IV — d Muscle tone, dose-related behavioral signs, and suitable
Ketamine for clinical use

M 0.5, IV; K 3, IV 5.0±1.1 Muscle relaxation and suitable for clinical use
M 1, IV; K 3, IV — Suitable for clinical use
M 2, IV; K 3, IV — —
M 5, IV; K 5, IV 6.2±1.62 Prominent and long-lasting behavioral signs

Ketamine K 23 or 46 µg/kg/min; P 0.025 — d Propofol dose requirement 
Propofol mg/kg/min, IV

Simultaneously

IM, intramuscularly; IV, intravenously; SC, subcutaneously.



with thiopental-guaifenesin or thiamylal-guaifenesin anesthetic
induction.150,157 Bolus administration of ketamine plus guaifen-
esin in foals rapidly induces anesthesia with good muscle relax-
ation and analgesia followed by a smooth recovery.158

Continuous infusion of a guaifenesin-ketamine-xylazine com-
bination is safe and effective for extending anesthesia in adult
horses after xylazine (1.1 mg/kg IV) and ketamine (2.2 to 3.0
mg/kg IV) induction. This drug combination is prepared by
adding 500 mg of xylazine and 2000 mg of ketamine to 1 L of 
5% guaifenesin.159–161 In ponies anesthetized for 2 h with this
mixture, arterial blood pressure and left ventricular stroke work
index were transiently decreased for the first 15 to 30 min after in-
duction.160 Cardiac index and arterial pH were also decreased for
15 min after induction. Hypoventilation with mild hypercapnia
was noted throughout the study. These changes are transient and
comparable to those reported for other injectable anesthetic drugs
or drug combinations. In ponies and foals, anesthesia can be in-
duced with a rapid intravenous injection of 1.1 mL/kg of the
guaifenesin-ketamine-xylazine mixture. Anesthesia may be main-
tained by continuous intravenous infusion of 2 to 4 mL · kg�1 ·

h�1, depending on anesthetic requirement. Standing recovery
usually occurs within 25 to 45 min of discontinuation of the mix-
ture.150–162 An �2-adrenergic antagonist such as tolazoline (2 to 4
mg/kg) can be administered IV to hasten recovery. When di-
azepam (0.1 mg/kg) is combined with xylazine (0.3 mg/kg) and
ketamine (2 mg/kg), muscle relaxation is improved when com-
pared with the administration of xylazine-ketamine alone.
Diazepam provides practical advantages over guaifenesin in com-
mercial preparation, small volume, and ease of administration.163

Detomidine is approved for use in horses in the United States
as a sedative-analgesic for colic. Short-term anesthesia in horses
can be achieved with detomidine (20 µg/kg IV) sedation followed
in 6 to 8 min by ketamine (2.2 mg/kg IV). Mean arterial blood
pressure increases after detomidine-ketamine injection.164,165

When compared with xylazine, detomidine may induce better
muscle relaxation when combined with ketamine. Recovery can
be somewhat unpredictable. Occasionally, horses and ponies ex-
perience a rough recovery.166 This may result from the longer se-
dation and muscle relaxation achieved with detomidine in some
animals.164–166
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Table 12.4. Use of Telazol alone or Telazol combinations in cats.

Drug(s) Dose and Route (mg/kg) Duration (min) Comment

Telazol alone 6–40, IM — —
Telazol alone 6–12, IM — Anesthesia
Telazol alone 12.8, IM 52.6±22.0 Salivation

Apneustic breathing
12.8, IV 52.8±17.3 Salivation

Apneustic breathing
Telazol alone 7.5, IM 49.9±12.7 Surgical anesthesia

Mild muscle relaxation
Rough recovery

Telazol alone 9.7–11.9, IM 30 Diagnostic examinations
Dentistry

9.9, IV 25 Diagnostic examinations
Dentistry

10.6–12.5, IM 60 Minor procedure (mild to moderate analgesia)
4.5, IM 30–60 Ovariohysterectomy
4.5, IM — Onychectomy
14.3–15.8, IM 60–135 —

Telazol alone 10.4, IM (6–16) 64.6 (32–135) Satisfactory surgical anesthesia
Salivation

Telazol alone 9.7, IV 60 —
15.8, IV >90 Respiratory depression
23.7, IV >90 Respiratory depression

Telazol alone 3.1±0.99, IM — Inadequate analgesia for castration

Acepromazine A 0.1, IM;  T, 3.4±1.09, IM or — Adequate anesthesia for castration
Telazol 2.7±0.97, IV

Telazol alone 4.5±0.9, IM — Adequate anesthesia for castration
4.5±0.9, IV — —

Telazol alone 5, IV 20.2±10.3 Injection of doxapram and flumazenil speed 
recovery

Telazola 3.3, IM 43.4±9.1 Smooth induction and recovery
Ketamine 2.64, IM Excellent muscle relaxation
Xylazine 0.66, IM Good analgesia

IM, intramuscularly; IV, intravenously.
aReconstitute with 4 mL of ketamine and 1 mL of 10% xylazine.



Romifidine (100 µg/kg IV) has also been used in combination
with ketamine (2.0 to 2.2 mg/kg IV) for short-term anesthesia or
for induction prior to inhalation anesthesia in horses. The anes-
thesia duration produced by this combination is 10 to 25 min,
similar to that of xylazine-ketamine.167–169 Tables 12.5 and 12.6
further summarize ketamine and Telazol combination anesthesia
in horses.

Ruminants
Xylazine (0.1 to 0.2 mg/kg IV) is commonly administered prior
to, or concomitantly with, ketamine (2.2 to 3.0 mg/kg IV) for
short-term anesthesia of ruminants. Tracheal intubation is easily
achieved in cattle anesthetized with this combination.170,171

Anesthesia may be safely prolonged by administering ketamine
(1 to 2 mg/kg) slowly to effect. Alternatively, anesthesia can be
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Table 12.5. Use of ketamine alone or ketamine combinations in horses.

Drug(s) Dose and Route (mg/kg) Duration (min) Comment

Xylazine X 1.1, IV, wait 3–5 min; K 2.2, IV 16.1±7.3 Excellent analgesia and light anesthesia
Ketamine X 1.1, IV; K 2.2, IV — Excitement following induction

Simultaneously
X 1.1, IV, wait 3–5 min; K 6.6, IV 12.1±3.2 Muscle twitching, rapid nystagmus, and 

prolonged and rough recovery
X 1.1, IV; K 2.2, IV 24 Inadequate muscle relaxation
X 1.1, IV; K 2.2, IV 12–35 Smooth induction and recovery

Xylazine X 1.1, IV; B 0.1 or 0.2, IV; K 2.2, IV Arabian, 18.25 Behavioral changes and enhanced muscle 
Butorphanol Belgian, 52.5 relaxation and analgesia
Ketamine Appaloosa: 56.5

X 1.1, IV; B 0.044, IV; K 2.2, IV 37 Adequate muscle relaxation and good analgesia

Xylazine X 1.1, IV; K 2.2, IV; M 0.1, IV — Satisfactory anesthesia
Ketamine
Methadone

Methadone M 0.1, IV; A 0.15, IV; X 1.1, IV; K 2.2, IV — Inadequate anesthesia
Acepromazine
Xylazine
Ketamine

Acepromazine A 0.1, IV; M 0.1, IV; K 2.2, IV — —
Methadone
Ketamine A 0.04, IV; M 0.04, IV; K 2.0–2.5, IV 10.2 (3–18) Muscle tremor lasted < 1 min after induction

Guaifenesin G 50 mg/mL; X 0.5 mg/mL; K 1 mg/mL 120 d Blood pressure initially and hypoventilation
Xylazine Induction, 1.1 mL/kg, IV
Ketamine Maintenance, 2.75 mL/kg/h, IV

G 50 mg/mL; X 0.5 mg/mL; K 1 mg/mL 49±3 Surgical anesthesia
Induction, 1.1 mL/kg, IV
Maintenance, 4.5 mL/kg/h, IV

G 50 mg/mL; X 0.5 mg/mL; K 2 mg/mL 44±2 Better muscle relaxation, analgesia, and surgical 
Induction, 1.1 mL/kg, IV anesthesia
Maintenance, 4.3 mL/kg/h, IV

G 100 mg/mL; X 1 mg/mL; K 2 mg/mL 51–95 Presence of swallowing reflex, not suitable for 
Maintenance, 1.1 mL/kg/h, IV laryngeal surgery, surgical anesthesia, and 

smooth recovery

X 1.1, IV; G 100, IV; K 2, IV — Supplemental ketamine 200–1000 mg, maintain 
with halothane, and good muscle relaxation

Guaifenesin G 50 mg/mL; K 2 mg/mL at 1.5– — Less cardiovascular depression than thiamylal-
Ketamine 2.2 mg/kg K, IV guaifenesin or thiopental-guaifenesin

K 6 mg/mL in 150 mg/mL G; IV infusion of — d Halothane MAC by 50%
7.8 µg/kg/min initially

Xylazine X 0.3, IV; D 0.05, IV; K 2, IV — Supplemental ketamine 200–500 mg, maintain 
Diazepam with halothane
Ketamine X 1.1, IV; D 0.1, IV; K 2, IV — Supplemental ketamine 200–750 mg, maintain 

with halothane, good muscle relaxation
(continued)



maintained in adult cattle with a continuous infusion of ketamine
in saline or 5% dextrose solution (2 mg/mL) at a rate of 10
mL/min.172 Clinical experience shows that guaifenesin-
ketamine-xylazine mixture is an effective anesthetic combination
in ruminants. The concentration of each drug in the mixture is 50
mg/mL, 2 mg/mL, and 0.1 mg/mL for guaifenesin, ketamine, and
xylazine, respectively. Anesthesia can be induced with 0.55 to
1.1 mL/kg initially and maintained with adjustment for surgical
stimulation with 2.2 mL · kg�1 · h�1 in adult cattle and 1.65 mL

· kg�1 · h�1 in calves, kids, and lambs. Anesthesia onset is grad-
ual but smooth. Muscle relaxation is excellent, easily enabling
tracheal intubation. Supplementation with oxygen (5 to 10
L/min) during procedures may help prevent hypoxemia. Mild
hypoventilation is induced by the anesthetic mixture. Surgical
procedures that can be performed in cattle anesthetized with
guaifenesin-ketamine-xylazine include femoral fracture plating
and pinning, penile surgery, umbilical hernia repair, cesarean
section, and celiotomy.172 Tables 12.7 and 12.8 further summa-
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Xylazine X 1.1, IV; T 0.044, IV; K 2.2, IV — Longer recumbency
Temazepam
Ketamine

Romifidine R 0.1, IV; K 2.0–2.2, IV 10–25 Initial limb rigidity and mild muscle tremor 
Ketamine

Romifidine R 0.08, IV; M 0.06, IV; K 2.2, IV 25–40 May require additional dose of MK
Midazolam R 20 mg, M 15 mg, K 500 mg in 50 mL Smooth recovery
Ketamine 0.9% NaCl; maintenance, 0.24 mL/kg/h, 

IV; one-third of induction MK, IV if 
spontaneous movements occur

Ketamine alone 5–6 mg/100 kg in subarachnoid space — Effective spinal block

10–12 mg/100 kg in subarachnoid space — Blockade of T13 to L3
Effective surgical analgesia

0.5, 1, 2 mg/100 kg in caudal epidural space 10–15 Dose-dependent perineal analgesia

5 mL of 1, 2, or 3% solution, infiltration at the d Halothane MAC by 14% and 12%, respectively
base of the proximal sesamoid Abaxial sesamoid nerve block

Xylazine X 0.5 mg/100 kg; K 1 mg/100 kg; simultan- >20 Perineal analgesia may extend to the thigh and 
Ketamine eously in caudal epidural space flank region

Methotrimeprazine Me 0.5, IV; Mi 0.1, IV; G 100, IV; K 1.6, IV — Induction of anesthesia, smooth recovery
Midazolam
Guaifenesin
Ketamine

Detomidine D 0.02, IV; K 2.2, IV — Second dose of ketamine (1.4 mg/kg) given 15 
Ketamine min after first dose; improve anesthesia

D 0.02, IV; K 2.2, IV 10–43 Required more time than xylazine-ketamine to 
assume recumbency, occasional poor
recovery, and longer-lasting hypertension

D 0.02 IV; K 2.2, IV 26.8 (14–42) Smooth induction and occasional rough recovery

Guaifenesin G 50 mg/mL; D 5 µg/mL; K 2 mg/mL — Good muscle relaxation and analgesia, and 
Detomidine Induction, 0.67–1.1 mL/kg, IV minimal cardiovascular effects
Ketamine Maintenance, 2.2 mL/kg/h, IV

G 100 mg/mL; D 0.04 mg/mL; K 4 mg/mL 140 Surgical anesthesia but may require additional 
Maintenance, 0.67±0.17 mL/kg/h, IV ketamine during surgery

Good recovery

Detomidine 0.02, IV 36.2 (18–67) Smooth induction
Butorphanol 0.04, IV Smoother recovery
Ketamine 2.2, IV Muscle relaxation

IM, intramuscularly; IV, intravenously; MAC, minimum alveolar concentration.

Table 12.5. Use of ketamine alone or ketamine combinations in horses (continued).

Drug(s) Dose and Route (mg/kg) Duration (min) Comment
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Table 12.6. Use of Telazol alone or Telazol combinations in equids.

Species Drug(s) Dose and Route (mg/kg) Duration (min) Comment

Horses Xylazine 1.1, IV — Anesthesia
Telazol 1.65, IV Smooth recovery

1.1, IV 26.25 Adequate anesthesia
0.5, IV Easy intubation

Hyperresponsiveness during recovery

1.1, IV 29.25 Adequate anesthesia
0.75, IV Easy intubation

Hyperresponsiveness during recovery

1.1, IV 34.33 Adequate anesthesia
2.2, IV Easy intubation

Smooth recovery

1.1, IV 32.8±2.8 Good muscle relaxation
1.65, IV Smooth recoveryb

Detomidine 0.02, IV 38.5±9.0 Balanced anesthesia
Telazol 2, IV Smooth recoveryb

0.04, IV 66.5±10.3 Balanced anesthesia
2, IV Excellent recoverya

0.06, IV 91.5±18.0 Balanced anesthesia
3, IV Prolonged duration

Rough recoveryc

0.015, IV 25.5±3.0 Satisfactory induction and recovery
2, IV

Xylazine 1.1, IV 30.7 (24–35) Good muscle relaxation
Telazol 1.1, IV Smooth recoveryb

Xylazine 1.1, IV 41.3 (33–66) Good muscle relaxation
Butorphanol 0.04, IV Prolonged analgesia
Telazol 1.1, IV Smooth recoveryb

Detomidine 0.02, IV 26±4 Good muscle relaxation
Telazol 1.1, IV Prolonged analgesia

Hypoxemia

0.04, IV 39±11 Good muscle relaxation
1.4, IV Prolonged analgesia

Hypoxemia

Detomidine 0.013, IV — Poor recovery
Ketamine 0.53, IV
Telazol 0.67, IV

Telazol alone 0.5 and 1.0 in caudal 60–90 Perineal analgesia
epidural space One horse had muscle fasciculation and 

central nervous system excitation after
high dose

Ataxia

Mules Xylazine 1.1, IV 21.1 Smooth recoveryb

Telazol 1.1, IV

Donkeys Xylazine 1.1, IV 46 Satisfactory anesthesia
Telazol 1.1, IV Good muscle relaxation

Smooth recoveryb

Miniature donkeys Xylazine 1.1, IV 33.8±6.3 Satisfactory anesthesia
Butorphanol 0.044, IV Good recovery
Telazol 1.1, IV IM, intramuscularly; IV, intravenously.

IM, intramuscularly; IV, intravenously.
aAnimals stood at first attempt.
bAnimals stood requiring less than three attempts.
cAnimals stood requiring greater than five attempts.
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Table 12.7. Use of ketamine alone or ketamine combinations in ruminants.

Species Drug(s) Dose and Route (mg/kg) Duration (min) Comment

Cattle Ketamine alone 2 mg/mL in saline, given at 10 mL/min, IV — —
Xylazine 0.1, IV — Recovery in 45 min 
Ketamine 2, IV

Suppl,a 2% ketamine in saline

Ketamine alone 1.5–4.6, IV — —

Xylazine 0.22, IM, IV — Muscle relaxation adequate for tracheal 
Ketamine 1.8–4.6, IV intubation

Xylazine 0.22, IM 40–55 Good muscle relaxation
Ketamine 11, IM Surgical anesthesia

Ketamine alone 11, IV — Dose repeated every 30 min for a duration of 
3–4 h

Xylazine 0.14, IM — Better muscle relaxation
Ketamine 2.8, IV

Xylazine 0.2, IM 20 Rapid onset of action
Ketamine 5, IV Easy tracheal intubation

Given separately Transient respiratory depression

Xylazine 0.2, IM 23.5±1.8 Rapid breathing
Ketamine 10, IM Easy tracheal intubation

Given separately Good muscle relaxation

Xylazine 0.2, IM 37.0±3.4 Good muscle relaxation
Ketamine 10, IM Good analgesia

Simultaneously

Xylazine 0.088, IM 55.7±10.4 Good muscle relaxation
Ketamine 4.4, IM Good analgesia

Medetomidine 0.02, IV 94±25 Sternal recumbency
Ketamine 2.2, IV

Diazepam 1.16±0.05, IV 22.2±3.2 Surgical anesthesia
Guaifenesin 115.23±5.13, IV
Ketamine 5.49±0.6, IV

Diazepam 1.18±0.04, IV 36.0±3.67 Smooth induction and recovery
Ketamine 10.63±0.56, IV

Sheep Ketamine alone 22, IV 23.0±12.05 Marked muscle rigidity
Mild salivation

Xylazine 0.2, IM 67.0±21.6 Salivation
Ketamine 22, IV Regurgitation

d Muscle rigidity
Prolonged anesthesia

Atropine 0.2, IM 34.0±5.5 d Salivation
Xylazine 0.2, IM Urination
Ketamine 22, IV Regurgitation

Tachycardia

Diazepam 0.375, IV 15 d Cardiac output
Ketamine 7.5, IV c Systemic vascular resistance

Xylazine 0.1, IV 25 d Cardiac output, systemic vascular resist-
Ketamine 7.5, IV ance and mean arterial pressure

Avoid in compromised heart function

Medetomidine 0.025, IM — Good muscle relaxation
Ketamine 1, IM Tachypnea

(continued)
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Sheep Diazepam 0.375, IV 120 Satisfactory anesthesia
Ketamine 7.5, IV Hypotension

Maintenance, D 0.188, IV; K 3.75, IV; Respiratory acidosis
every 15 min c Systemic and pulmonary vascular resistance

Guaifenesin 50 mg/mL 60 Surgical anesthesia
Xylazine 0.1 mg/mL c Respiratory rate, d PaO2

b

Ketamine 1 mg/mL Supplemental 100% oxygen
Induction, 0.67–1.1 mL/kg, IV
Maintenance, 2.2 mL/kg, IV

Goats Atropine 0.44, IM 40–45 Good muscle relaxation
Xylazine 0.22, IM
Ketamine 11, IM

Ketamine alone 3, IV — Adequate for tracheal intubation

Ketamine alone 22, IM 10.3 Apneustic breathing

Atropine 0.44, IM 10.2 d Salivation
Ketamine 22, IM

Atropine 0.44, IM 22.2 c Duration and degree of analgesia and 
Acepromazine 0.88, IM muscle relaxation
Ketamine 22, IM

Atropine 0.44, IM 22.4 c Duration and degree of analgesia and 
Diazepam 0.88, IM muscle relaxation
Ketamine 22, IM

Atropine 0.44, IM 45.2 c Duration and degree of analgesia and 
Xylazine 0.22, IM muscle relaxation
Ketamine 11, IM

Midazolam 0.4, IM 16–39 Surgical anesthesia
Ketamine 4, IM

Ketamine alone 3 in subarachnoid space 48.8±3.5 Analgesia up to L1
Sedation, ataxia, and sternal recumbency

Llamas Xylazine 0.35, IM or 30–60 Restraint
0.25, IV Anesthesia

Ketamine 5–8, IM or
3–5, IV

Xylazine 0.4, IM or — Low doses of XK induced sternal recumbency
0.8, IM 73±18 High doses of XK induced analgesia

Ketamine 4, IM or Hypoxemia
8, IM

Guaifenesin 80, IV 15–20 Good muscle relaxation
Ketamine 1.6, IV Little analgesia

Diazepam 0.2–0.3, IM or — Anesthesia
0.1–0.2, IV

Ketamine 5–8, IM or
3–5, IV

IM, intramuscularly; IV, intravenously; SC, subcutaneously.
aSuppl, supplemental dose.
bPaO2, arterial oxygen partial pressure.

Table 12.7. Use of ketamine alone or ketamine combinations in ruminants (continued).

Species Drug(s) Dose and Route (mg/kg) Duration (min) Comment
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rize the use of ketamine combinations and Telazol for anesthesia
in ruminants.

In llamas, xylazine (0.25 mg/kg IM) followed in 15 min by ke-
tamine (5 mg/kg IM) induces 30 to 60 min of anesthesia and re-
straint sufficient for minor procedures such as suturing lacera-
tions, abscess drainage, or cast application.173 If tracheal
intubation is desired, xylazine (0.25 mg/kg IV) with ketamine
(2.5 mg/kg IV) can be used. Changes in heart rate and blood
pressure are similar to those observed in other species. A recent
study compared the anesthetic effects of two combinations of xy-

lazine (0.4 and 0.8 mg/kg IM) and ketamine (4 and 8 mg/IM) in
llamas. The low-dose combination induced sternal recumbency,
but analgesia-anesthesia was observed in only two llamas. The
high-dose combination produced longer recumbency (87 vs. 19
min) and analgesia (73 vs. 18 min). Severe hypoxemia was ob-
served in llamas receiving the high-dose combination, as evi-
denced by low saturation of peripheral oxygen measured by
pulse oximeter and low PaO2 measured from arterial blood gas.
Hypoxemia can be treated effectively with nasal insufflation of
100% oxygen.174

Table 12.8. Use of Telazol alone or Telazol combinations in ruminants.

Species Drug(s) Dose and Route (mg/kg) Duration (min) Comment

Calves Telazol alone 4, IV 50–60 Anesthesia

Xylazine 0.1, IV 66 Anesthesia
Telazol 4, IV

Cattle Telazol alone 2–6 — —

Sheep Telazol 12, IV 31 Adequate anesthesia
Butorphanol 0.5, IV (25–45)

Telazol alone 11.9±2.7, IV 150 Cataleptoid anesthesia
(8.1–16.8) (48–222) Excellent muscle relaxation

Muscle relaxation not as good as single 
dose

Suppl,a 5.7, IV 210
(48–318)

Telazol alone 14.4, IV 41.5 Satisfactory anesthesia for neurosurgical 
(12–22) (25–65) procedures

Telazol alone 2.2–4.4, IM — Immobilization

Telazol alone 8–22 — —

Telazol alone 12, IV 39±5 Smooth induction
Gradual but unremarkable recovery
Apneustic breathing

Telazol alone 24, IV 40±14 Smooth induction
Gradual but unremarkable recovery
Apneustic breathing

No atropine
Telazol 9, IM 14 Variable anesthetic response
Telazol 12, IM 35 Surgical anesthesia
Telazol 15, IM 51 Prolonged anesthetic duration

With atropine 0.04, IM
Telazol 9, IM 13 —
Telazol 12, IM 28 —
Telazol 15, IM 42 —

Atropine 0.03, IM 41.6±15.0 —
Telazol 13.2, IV

Xylazine 0.01, IM 101.7±26.0 Better muscle relaxation
Telazol 13.2, IV Longer anesthetic duration

Apnea

Llamas Telazol alone 4.4, IM 25–50 Chemical restraint

IM, intramuscularly; IV, intravenously.
aSuppl, supplemental dose.
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Swine
Ketamine has been used extensively in pigs premedicated with at-
ropine (0.04 mg/kg IM) for minor surgical and diagnostic proce-
dures. At intramuscular doses of 11 to 20 mg/kg, muscle relaxation
is poor and analgesia is brief. Green et al.175 reported that pigs react
violently to intramuscular injections of ketamine and then exhibit
muscle tremor, extensor rigidity, panting respiration, and erythema.
These responses can be minimized by combining diazepam (1
mg/kg IM) or xylazine (2 mg/kg IM) with ketamine (10 to 20
mg/kg IM). Deep sedation and good muscle relaxation occur with
these drug combinations, but pigs may still respond to noxious
stimuli such as incision of the abdominal wall.175,176 Alternatively,
a combination of oxymorphone (0.075 mg/kg), xylazine (2 mg/kg),
and ketamine (2 mg/kg) mixed in the same syringe and given IV
induces surgical anesthesia. When given IM, satisfactory anesthe-
sia can be achieved by doubling the dose of each drug.171,177

Short-term anesthesia in pigs can also be achieved with at-

ropine (0.025 mg/kg IM)-butorphanol (0.2 mg/kg IM)-xylazine
(2 mg/kg IM)-ketamine (10 mg/kg IM) (ABXK) or with atropine
(0.025 mg/kg IM)-butorphanol (0.2 mg/kg IM)-medetomidine
(80 µg/kg IM)-ketamine (10 mg/kg IM) (ABMK). Anesthesia 
is induced rapidly with both combinations, but ABMK appears
to induce more effective anesthesia for major surgery, which 
is characterized by good muscle relaxation enabling endotra-
cheal intubation for over 1.5 h. Atipamezole (240 µg/kg IV 
or IM) can be administered to shorten the anesthesia.178

Medetomidine-ketamine appears to produce longer periods of
muscle relaxation (43.6 vs. 12.7 min vs. 21.0 vs. 14 min) and
anesthesia (49.4 vs. 13.5 min vs. 34.6 vs. 17.2 min) than does
xylazine-ketamine in pigs. Slight cardiovascular stimulation
with minimal respiratory effect occurs during medetomidine-
ketamine anesthesia.179 Tables 12.9 and 12.10 further summa-
rize the use of ketamine combinations and the use of Telazol for
anesthesia in swine.

Table 12.9. Use of ketamine alone or ketamine combinations in swine.

Drug(s) Dose and Route (mg/kg) Duration (min) Comment

Atropine 0.044, IM 10–30 Poor muscle relaxation and analgesia
Ketamine 20, IM

Xylazine 2, IM — Required supplemental dose for intubation
Ketamine 20, IM

Innovar-Vet 1 mL/13.6 kg, IM 41.75 Good muscle relaxation
Ketamine 11, IM

Acepromazine 0.5, IM 18.25 Strong, sharp muscle activity
Ketamine 15, IM

Xylazine 0.2, IM 24.5 Strong, sharp muscle activity
Ketamine 11, IM

Ketamine alone 10–20, IM — Violent reaction, muscle tremor, extensor rigidity, c heart 
rate and respiratory rate, panting respiration, and erythema

Diazepam 1, IM 40 Deep sedation and response to incision
Ketamine 10, IM Good muscle relaxation

Xylazine 2, IM 40 Deep sedation
Ketamine 15, IM Good analgesia

Excellent muscle relaxation

Xylazine 2, IV 20–30 Good analgesia and muscle relaxation
Ketamine 2, IV Smooth recovery, which can be shortened by naloxone
Oxymorphone 0.075, IV

Xylazine 1, IV 25 Good analgesia
Ketamine 10, IV

Guaifenesin 50 mg/mL 120 Good muscle relaxation and analgesia
Xylazine 1 mg/mL Minimal cardiovascular changes
Ketamine 1 mg/mL

Induction, 0.67–1.1 mL/kg, IV
Maintenance, 2.2 mL/kg/h, IV

Atropine 0.025, IM — Rapid induction of anesthesia
Butorphanol 0.2, IM
Xylazine 2, IM
Ketamine 10, IM (continued)
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Atropine 0.025, IM — Rapid induction of anesthesia
Butorphanol 0.2, IM Good muscle relaxation
Medetomidine 0.08, IM
Ketamine 10, IM

Meperidine 2.2, IM 60.6±18.6 Surgical anesthesia
Azaperone 2.2, IM Rapid and smooth recovery
Ketamine 22, IM Anesthesia can be prolonged by supplemental ketamine and 
Morphine 1.7, IM morphine

Miniature Pigs
Xylazine 2, IM — Light anesthesia
Ketamine 5, IM
Butorphanol 0.1–0.22, IM

Xylazine 2.2, IM — Induction of anesthesia
Ketamine 11.0–17.6, IM Short procedures

Diazepam 1.1, IM — —
Ketamine 11.0–17.6, IM

Diazepam 0.05–0.1, IM 20–30 Deep sedation
Ketamine 10–30, IM

Midazolam 0.2–0.4, IM 20–30 Deep sedation
Ketamine 10–30, IM

Xylazine 4, IM 20–30 Deep sedation
Ketamine 5–10, IM

Innovar-Vet 1 mL/20 kg, IM 20–30 Deep sedation
Ketamine 10–20, IM

Atropine 0.04, IM — Anesthesia can be prolonged with supplemental ketamine 
Xylazine 2.2, IM 2–4 mg/kg IV
Ketamine 12–20, IM

Diazepam 1–2, IM — —
Ketamine 12–20, IM

Butorphanol 0.22, IM — Enhanced analgesia
Xylazine 2, IM Satisfactory anesthesia for abdominal surgery
Ketamine 11, IM

IM, intramuscularly; IV, intravenously.

Table 12.9. Use of ketamine alone or ketamine combinations in swine (continued).

Drug(s) Dose and Route (mg/kg) Duration (min) Comment

Table 12.10. Use of Telazol alone or Telazol combinations in swine.

Drug(s) Dose and Route (mg/kg) Duration (min) Comment

Xylazine 1.1, IM 47±11 Satisfactory anesthesia
Telazol 6, IM Easy administration

Xylazine 2.2, IM 67.5±9.0 Longer duration of analgesia
Telazol 6, IM

Telazol alone 10, IM 33.7±15.0 Good muscle relaxation
Poor analgesia
Excited recovery

2–4, IM — Immobilization

4.0–8.8, IM Anesthesia

Telazola 0.006–0.013 mL/kg, IM or 35–40 Sedation and immobilization
Ketamine 0.02–0.026 mL/kg, IM 25–35 Surgical anesthesia
Xylazine

IM, intramuscularly.
aReconstitute Telazol with 2.5 mL of ketamine and 2.5 mL of 10% xylazine.
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Nondomestic Animals
Ketamine and Telazol have both been used extensively in various
combinations for the immobilization of captured and wild ani-
mals. Ketamine usage has been somewhat limited because of its
relatively low concentration, requiring a large volume be deliv-
ered to many larger species. Ketamine can be lypholized and re-
constituted to a smaller volume to create a higher concentration
when a larger dose is required via a remote delivery device (e.g.,
darts).180–182 In contrast, Telazol has the advantage of being re-
constituted to a small volume with potent sedatives or adjunctive
analgesic drugs to increase overall potency. Both anesthetics
have been used alone or in combination in many wild and exotic
species.183–186 Tables 12.11 through 12.15 further summarize the
use of ketamine and Telazol, alone and in combination with other
drugs, in nondomesticated species.
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Introduction
Inhalation anesthetics are used widely for the anesthetic manage-
ment of animals. They are unique among the anesthetic drugs be-
cause they are administered, and in large part removed from the
body, via the lungs. Their popularity arises in part because their
pharmacokinetic characteristics favor predictable and rapid ad-
justment of anesthetic depth. In addition, a special apparatus is
usually used to deliver the inhaled agents. This apparatus in-
cludes a source of oxygen (O2) and a patient breathing circuit
that in turn usually includes an endotracheal tube or face mask, a
means of eliminating carbon dioxide (CO2), and a compliant gas
reservoir. These components help minimize patient morbidity or
mortality because they facilitate lung ventilation and improved
arterial oxygenation. In addition, inhalation anesthetics in gas
samples can now be readily and affordably measured almost in-
stantaneously. Measurement of inhalation anesthetic concentra-
tion enhances the precision and safety of anesthetic management
beyond the extent commonly possible with injectable anesthetic
agents.

Over the nearly 150 years that inhalation anesthesia has been
used in clinical practice, fewer than 20 agents have actually been

introduced and approved for general use with patients (Fig.
13.1).1 Fewer than ten of these have had any history of wide-
spread clinical use in veterinary medicine, and only 5 are of cur-
rent clinical veterinary importance in North America. It is this
group of anesthetics that are the focus of this chapter. Isoflurane
is generally considered the most widely used inhalation anes-
thetic in veterinary medicine, having replaced halothane in this
regard. The gaseous agent nitrous oxide (N2O) and the newest
volatile agent sevoflurane, along with halothane, enjoy varying
degrees of popularity and are grouped in an intermediary cate-
gory. It is important to note that, at the time of updating this
chapter, suppliers are considering no longer making and distrib-
uting halothane, at least in North America. However, because the
decision at this time is not final, for purposes of this chapter, the
author will continue to include information on halothane. The
other newer volatile anesthetic, desflurane, is presently only of
limited use in veterinary medicine but is grouped among the five
contemporary agents. Two additional volatile agents receive brief
attention for different reasons. Methoxyflurane, an agent popular
during the period of about 1960 to 1990, is no longer commer-
cially available in North America. However, because of some of
its physical-chemical characteristics, mention here has value to
the reader in comparing agents of more current interest.
Enflurane, introduced for use in human patients in 1972 and still
commercially available, has little or no use in veterinary practice
in the United States but remains in limited use elsewhere for
management of small companion animal patients or laboratory
animals. Although of investigational interest, a review of xenon
is not included in this clinically focused chapter.

In this edition, information on agents of largely historical in-
terest has not been included. Readers interested in aspects of
these formally used agents are referred to the earlier editions of
this and other textbooks.2–6 Such agents include diethyl ether,
chloroform, and others noted in Fig. 13.1.

Physiochemical Characteristics
The chemical structure of inhalation anesthetics and their physi-
cal properties determine their actions and safety of administra-
tion. An in-depth analysis of the impact of agent chemical struc-
ture and physical properties is beyond the scope of this chapter.
However, brief discussion of aspects of Fig. 13.2 and Table 13.1
is appropriate because the physiochemical characteristics sum-
marized determine and/or influence practical considerations of
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their clinical use. For example, they determine the form in which
the agents are supplied by the manufacturer (i.e., as a gas or liq-
uid) and account for the resistance of the anesthetic molecule to
degradation by physical factors (e.g., heat and light) and sub-
stances it contacts during use (e.g., metal components of the
anesthetic-delivery apparatus and the CO2 absorbents such as
soda lime). The equipment necessary to deliver the agent safely
to patients (e.g., vaporizer and breathing circuit) is influenced by
some of these properties, as are the agent’s uptake, distribution
within, and elimination (including potential for metabolic break-
down) from the patient. In summary, a knowledge and under-
standing of fundamental properties enable more intelligent use of
contemporary anesthetics.

Chemical Characteristics
All contemporary inhalation anesthetics are organic compounds
except N2O (Fig. 13.2) (cyclopropane and xenon are other no-

table inorganic anesthetics). Agents of current interest are further
classified as either aliphatic (i.e., straight or branch chained) hy-
drocarbons or ethers (i.e., two organic radicals attached to an
atom of O2; the general structure is ROR). In the continued
search for a less reactive, more potent, nonflammable inhalation
anesthetic, focus on halogenation (i.e., addition of fluorine, chlo-
rine, or bromine; iodine is least useful) of these compounds has
predominated. Chlorine and bromine especially convert many
compounds of low anesthetic potency into more potent drugs.
Historically, interest in fluorinated derivatives was delayed until
the 1940s because of difficulties in synthesis, and thus quantities
available for study were limited. Methods of synthesis, although
difficult, have improved considerably and facilitated new agent
discovery (Fig. 13.2). It is interesting that organic fluorinated
compounds are a group of extreme contrasts—some are toxic,
others are not; some are extremely inert, others are highly reac-
tive. In some anesthetics, fluorine is substituted for chlorine or
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Fig. 13.1. Inhalation anesthetics in-
troduced for widespread clinical use.
Adapted from Eger1 and Karzai et al.323



bromine to improve stability but at the expense of reduced anes-
thetic potency and solubility.

Halothane (Fig. 13.2) is a halogenated, aliphatic saturated hy-
drocarbon (ethane). Predictions that halogenated structure would
provide nonflammability and molecular stability encouraged the
development of halothane in the early 1950s. However, soon
after clinical introduction it was observed that the concurrent
presence of halothane and catecholamines increased the inci-
dence of cardiac arrhythmias, especially in human patients. An
ether linkage in the molecule favors a reduced incidence of car-
diac arrhythmias. Consequently, this chemical structure is a pre-
dominant characteristic of all agents developed or proposed for
clinical use since the introduction of halothane (Fig. 13.2).

Despite many favorable characteristics and improvements over
earlier anesthetics (Fig. 13.1) that included improved chemical
stability, halothane is susceptible to decomposition. Accordingly,
halothane is stored in dark bottles, and a very small amount of a
preservative, thymol, is added to it to retard breakdown. Thymol
is much less volatile than halothane and over time collects within
the devices used to control delivery of the volatile anesthetic (i.e.,
vaporizers) and causes them to malfunction. To accomplish
greater molecular stability, fluorine is substituted for chlorine or
bromine in the anesthetic molecule. This chemical manipulation
added shelf life to the substance and negated the need for addi-
tives such as thymol. Unfortunately, the fluorine ion is also toxic
to some tissues (e.g., kidneys), which is of clinical concern if the
parent compound (e.g., sevoflurane and, historically, most no-
tably methoxyflurane) is not resistant to metabolism (Fig. 13.2).

Physical Characteristics
There is a constant interchange of respiratory gases (O2 and CO2)
between cells and the external environment via blood. Inhalation
anesthesia involves additional considerations whereby an anes-
thetic must be transferred under control from a container to sites
of action in the central nervous system (CNS). Early in this
process the agent is diluted to an appropriate amount (concentra-
tion) and supplied to the respiratory system in a gas mixture that
contains enough O2 to support life. The chain of events that en-

sues is influenced by many physical and chemical characteristics
that can be quantitatively described (Tables 13.1 to 13.4). The
practical clinical applications of these quantitative descriptions
are reviewed here. Limited space does not permit in-depth review
of all underlying principles, and readers interested in further
background information are referred elsewhere.7,8

The physical characteristics of importance to our understand-
ing of the action of inhalation anesthetics can be conveniently di-
vided into two general categories: those that determine the means
by which the agents are administered and those that help deter-
mine their kinetics in the body. This information is applied in the
clinical manipulation of anesthetic induction and recovery and in
facilitating changes in anesthetic-induced CNS depression in a
timely fashion.

Properties Determining Methods of Administration
A variety of physical and chemical properties determine the
means by which inhalation anesthetics are administered. These
include characteristics such as molecular weight, boiling point,
liquid density (specific gravity), and vapor pressure.

General Principles: A Brief Review Molecules are in a constant
state of motion and exhibit a force of mutual attraction. The de-
gree of attraction is evident by the state in which the substance
exists (i.e., solid, liquid, or gas). Molecular motion increases as
energy (e.g., in the form of heat) is added to the molecular aggre-
gate and decreases as energy is removed. With increased motion
the intermolecular forces are reduced; if conditions are extreme
enough, a change in physical state may ensue. All substances
exist naturally in a particular state but can be made to exist (at
least in theory) in any or all phases by altering conditions. Water,
as an example, exists as ice (mutual molecular attraction is
great), liquid water, or water vapor (attraction considerably re-
duced), depending on conditions.

Gas versus Vapor Inhalation anesthetics are either gases or va-
pors. In relation to inhalation anesthetics the term gas refers to an
agent, such as N2O, that exists in its gaseous form at room tem-
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Table 13.1. Some physical and chemical properties of inhalation anesthetics in current clinical use for animals

Property Desflurane Enflurane Halothane Isoflurane Methoxyfluranea N2O Sevoflurane

Molecular weight (g) 168 185 197 185 165 44 200
Liquid specific gravity (20°C) (g/mL) 1.47 1.52 1.86 1.49 1.42 1.42 1.52
Boiling point (°C) 23.5 57 50 49 105 –89 59
Vapor pressure (mm Hg)

20°C 700325 172 243 240 23 — 160
24°C 804 207 288 286 28 — 183

mL vapor/mL liquid at 20°C 209.7 197.5 227 194.7 206.9 — 182.7
Preservative None None Yes None Not available None Yes
Stability in

Soda lime Yes Yes No Yes No Yes No
Ultraviolet light Yes Yes No Yes No Yes ?

Excepting for new citations where noted, references appear in the immediate past edition of this text and chapter. N2O, nitrous oxide.
aMethoxyflurane is no longer available.



perature and sea level pressure. The term vapor indicates the
gaseous state of a substance that at ambient temperature and
pressure is a liquid. With the exception of N2O, all the contem-
porary anesthetics fall into this category. Desflurane (Table 13.1)
is one of the new volatile liquids that comes close to the transi-
tion stage and offers some unique (among the inhalation anes-
thetics) considerations to be discussed later in this chapter.

Whether inhalation agents are supplied as a gas or volatile liq-
uid under ambient conditions, the same physical principles apply
to each agent when it is in the gaseous state. Molecules move
about haphazardly at high speeds and collide with each other
(more frequently in liquid than in gas) or the walls of the contain-
ing vessel. The force of the bombardment is measurable and re-
ferred to as pressure. In the case of gases, if the space or volume
in which the gas is enclosed is increased, the number of bombard-
ments decreases (i.e., a smaller number of molecular collisions
per unit time) and then the pressure decreases. The behavior of
gases is predictably described by various gas laws. Relationships
such as those described by Boyle’s law (volume vs. pressure),
Charles’s law (volume vs. temperature), Gay-Lussac’s law (tem-
perature vs. pressure), and Dalton’s Law of Partial Pressure (the
total pressure of a mixture of gases is equal to the sum of the par-
tial pressures of all of the gaseous substances present), among
others, are important to our overall understanding of aspects of
respiratory and anesthetic gases and vapors. However, in-depth
descriptions of these principles are beyond the scope of this chap-
ter, and readers are referred elsewhere for this information.8

Methods of Description Quantities of inhalation anesthetic
agent are usually characterized by one of three methods: pressure
(i.e., in millimeters of mercury [mm Hg]), concentration (in vol-
ume percent [vol%]) or mass (in milligrams [mg] or grams [g]).
The form most familiar to clinicians is that of concentration (e.g.,
X% of agent A in relation to the whole gas mixture). Modern
monitoring equipment samples inspired and expired gases and
provides concentration readings for inhalation anesthetics.
Precision vaporizers used to control delivery of inhalation anes-
thetics are calibrated in percentage of agent, and effective doses
are almost always reported in percentages.

Pressure is also an important way of describing inhalation
anesthetics and is further discussed as a measure of anesthetic
potency. A mixture of gases in a closed container will exert a
pressure on the walls of the container. The individual pressure of
each gas in a mixture of gases is referred to as its partial pres-
sure. As noted earlier, this expression of the behavior of a mix-
ture of gases is known as Dalton’s law, and its use in understand-
ing inhalation anesthesia is inescapable. Use of the concept of
partial pressure is important in understanding inhalation anes-
thetic action in a multiphase biological system because, unlike
concentration, the partial pressure of an agent is the same in dif-
ferent compartments that are in equilibrium with each other. That
is, in contradistinction to concentration or volume percent, an ex-
pression of the relative ratio of gas molecules in a mixture, par-
tial pressure is an expression of the absolute value.

Molecular weight and agent density are used in many calcula-
tions to convert from liquid to vapor volumes and mass. Briefly
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Fig. 13.2. Chemical structure of inhalation anesthetics in current
use for animals. Trade names are in parentheses.



(and in simplified fashion), Avogadro’s principle is that equal
volumes of all gases under the same conditions of temperature
and pressure contain the same number of molecules (6.0226 �
1023 [Avogadro’s number] per gram molecular weight). Further-
more, under standard conditions the number of gas molecules in
a gram molecular weight of a substance occupies 22.4 L. To
compare properties of different substances of similar state, it is
necessary to do so under comparable conditions; with respect to
gases and liquids this usually means with reference to pressure
and temperature. Physical scientists have arbitrarily selected
standard conditions as being 0°C (273 K in absolute scale) and
760 mm Hg pressure (1 atmosphere at sea level). If conditions
differ, appropriate temperature and/or pressure corrections must
be applied to resultant data.

The weight of a given volume of liquid, gas, or vapor may be

expressed in terms of its density or specific gravity. The density
is an absolute value of mass (usually grams) per unit volume (for
liquids, volume = 1 mL; for gases, 1 L at standard conditions).
The specific gravity is a relative value; that is, the ratio of the
weight of a unit volume of one substance to a similar volume of
water in the case of liquids or air in the case of gases (or vapors)
under similar conditions. The value of both air and water is 1. At
least for clinical purposes, the value for density and specific
gravity for an inhalation anesthetic is the same. Thus, for exam-
ple, we can determine the volume of isoflurane gas (vapor) at
20°C from a mL of isoflurane liquid according to the scheme
given in Fig. 13.3. This type of calculation has practical applica-
tions. For example, to determine the savings in isoflurane liquid
afforded by reducing the fresh gas (e.g., O2) inflow rate, a series
of calculations as presented in Fig. 13.4 can be made.
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Table 13.2. Partition coefficients (solvent and gas) of inhalation anesthetics at 37°C

Solvent Desflurane Enflurane Halothane Isoflurane Methoxyflurane N2O Sevoflurane

Water — 0.78 0.82 0.62 4.50 0.47 0.60
Blood 0.42 2.00 2.54 1.46 15.00 0.47 0.68
Olive oil 18.70 96.00 224.00 91.00 970.00 1.40 47.00
Brain 1.30 2.70 1.90 1.60 20.00 0.50 1.70
Liver 1.30 3.70 2.10 1.80 29.00 0.38 1.80
Kidney 1.00 1.90 1.00 1.20 11.00 0.40 1.20
Muscle 2.00 2.20 3.40 2.90 16.00 0.54 3.10
Fat 27.00 83.00 51.00 45.00 902.00 1.08 48.00

Tissue samples are derived from human sources. Data are from sources referenced in the immediate past edition of this text and chapter. N2O, nitrous oxide.

Table 13.4. Rubber or plastic-gas partition coefficients at room temperature

Solvent Desflurane Enflurane Halothane Isoflurane Methoxyflurane N2O Sevoflurane Reference

Rubber — 074 120 062 630 1.2 — Eger1

19 — 190 049 — — 29 Targ et al.328

Polyvinyl chloride — 120 190 110 — — — Eger1

35 — 233 114 — — 69 Targ et al.328

Polyethylene — 0~2 026 0~2 118 — — Eger1

16 — 128 058 — — 31 Targ et al.328

These data are summarized from multiple sources as reported in Eger,1 with some differences in methods of determination. The data from Targ et al.328 indi-
cate more recently derived data that, unlike earlier data, were recorded following complete equilibration with these materials. Where there is overlap, the
ranking of partition coefficients is consistent with halothane > isoflurane > sevoflurane > desflurane. Combining both groupings yields methoxyflurane >
halothane > enflurane > isoflurane > sevoflurane > desflurane > nitrous oxide.

Table 13.3. Solvent-gas partition coefficients for halothane at 37°C in a variety of species327

Solvent Dog Horse Ox Rabbit

Blood 3.51 1.77 2.40 4.02
Brain 6.03 5.42 4.80 6.22
Liver 6.64 8.51 5.10 9.17
Kidney 4.95 3.21 3.80 6.96
Muscle 5.45 3.55 5.40 3.67



Vapor Pressure Molecules of liquids are in constant random
motion. Some of those in the surface layer gain sufficient veloc-
ity to overcome the attractive forces of neighboring molecules
and in escaping from the surface enter the vapor phase. The

change in state from a liquid to a gas phase is known as vapor-
ization or evaporation. This process is dynamic and in a closed
container that is kept at a constant temperature eventually
reaches an equilibrium whereby there is no further net loss of
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Fig. 13.4. Problem: Determine the savings in isoflurane liquid afforded by reducing the fresh gas (e.g., O2) inflow rate from 6 Lpm (L/min) to 4
Lpm, given that the average delivered (vaporizer setting) concentration for 2 h is 3%.

Fig. 13.3. Example of calculations to determine the volume of isoflurane vapor at 20°C from 1 mL of isoflurane liquid.



molecules to the gas phase (i.e., the numbers of molecules leav-
ing and returning to the liquid phase are equal). The gas phase at
this point is saturated.

Molecules of a vapor exert a force per unit area or pressure in
exactly the same manner as do molecules of a gas. The pressure
(mm Hg) that the vapor molecules exert when the liquid and
vapor phases are in equilibrium is known as the vapor pressure.
Thus, the vapor pressure of an anesthetic is a measure of its abil-
ity to evaporate; that is, it is a measure of the tendency for mole-
cules in the liquid state to enter the gaseous (vapor) phase. The
vapor pressure of a volatile anesthetic must be at least sufficient
to provide enough molecules of anesthetic in the vapor state to
produce anesthesia at ambient conditions. The saturated vapor
pressure represents a maximum concentration of molecules in
the vapor state that exists for a given liquid at each temperature.
Herein lies a practical difference between substances classified
as a gas or vapor: A gas can be administered over a range of con-
centrations from 0 to 100%, whereas the vapor has a ceiling that
is dictated by its vapor pressure. The saturated vapor concentra-
tion can be easily determined by relating the vapor pressure to
the ambient pressure. For example, in the case of halothane
(Table 13.1), a maximal concentration of 32% halothane is pos-
sible under usual conditions (i.e., [244/760] � 100 = 32%, where
760 mm Hg is the barometric pressure at sea level). With other
variables considered constant, the greater the vapor pressure, the

greater is the concentration of the drug deliverable to a patient.
Therefore, again from Table 13.1, halothane, for example, is
more volatile than methoxyflurane under similar conditions. The
barometric pressure also influences the final concentration of an
agent. For example, in locations such as Denver, Colorado, where
the altitude is about 5000 feet above sea level and the barometric
pressure is only about 635 mm Hg, the saturated vapor concen-
tration of halothane at 20°C is now (243/635) � 100 = 38.3%.

It is important to recognize that the saturated vapor pressure at
1 atmosphere is unique for each volatile anesthetic agent and de-
pends only on its temperature. In this case, the effect of baromet-
ric pressure can be neglected over ranges normally encountered
in the practice of anesthesia. Thus, for a given agent, the graph of
the saturated vapor pressure versus temperature is a curve as
shown in Fig. 13.5. From this graph it can be seen that if the tem-
perature of the liquid is increased, more molecules escape the liq-
uid phase and enter the gaseous phase. The greater number of
molecules in the vapor phase produces a greater vapor pressure
and vapor concentration. Conversely, if the liquid is cooled, the
reverse occurs and vapor concentration decreases. Liquid cooling
may occur not only because of changing ambient conditions but
also as a natural consequence of the vaporization process. For ex-
ample, during vaporization the “fastest” molecules at the surface
escape first. With depletion of these “high energy” molecules, the
average kinetic energy of those left behind is reduced, and there

Inhalation Anesthetics ● 361

Fig. 13.5. Vapor pressure as a function
of temperature for six volatile anesthetics.
Curves are generated from Antoine equa-
tions.324,325



is a tendency for the temperature of the remaining liquid to fall if
this process is not compensated for externally. As the tempera-
ture decreases, the vapor pressure, and thus the vapor concentra-
tion, also decreases.

Boiling Point The boiling point of a liquid is defined as the
temperature at which the vapor pressure of the liquid is equal to
the atmospheric pressure. Customarily, the boiling temperature is
stated at the standard atmospheric pressure of 760 mm Hg. The
boiling point decreases with increasing altitude because the
vapor pressure does not change, but the barometric pressure de-
creases. The boiling point of N2O is �89°C (Table 13.1) at 1 at-
mosphere pressure at sea level. It is thus a gas under operating-
room conditions. Because of this, it is distributed for clinical
purposes in steel tanks compressed to the liquid state at about
750 psi (pounds per square inch; 750 psi/14.9 psi [1 atmosphere]
= 50 atmospheres). As the N2O gas is drawn from the tanks, liq-
uid N2O is vaporized, and the overriding gas pressure remains
constant until no further liquid remains in the tank. At that point,
only N2O gas remains, and the gas pressure decreases from this
point as remaining gas is vented from the tank. Consequently, the
weight of the N2O minus the weight of the tank, rather than the
gas pressure within the tank, is a more accurate guide to the re-
maining amount of N2O in the tank.9

Desflurane, the newest clinically available volatile anesthetic,
also possesses an interesting consideration because its boiling
point (Table 13.1) is near room temperature. This characteristic
accounted for an interesting engineering challenge in developing
an administration device (i.e., a vaporizer) for routine use in the
relatively constant environment of the operating room and limits
further consideration of its use in all but a narrow range of cir-
cumstances commonly encountered in veterinary medical appli-
cations. For example, because of its low boiling point, even evap-
orative cooling has large influences on vapor pressure and thus
the vapor concentration of gas mixtures delivered to patients.

Calculation of Anesthetic Concentration Delivered by a Vaporizer
The saturated vapor pressure of most volatile anesthetics is of
such magnitude that the maximal concentration of anesthetic at-
tainable at usual operating-room conditions is above the range of
concentrations that are commonly necessary for safe clinical
anesthetic management. Therefore, some control of the delivered
concentration is necessary and usually provided by a device
known as a vaporizer. The purpose of the vaporizer is to dilute
the vapor generated from the liquid anesthetic with O2 (or an O2
and N2O mixture) to produce a more satisfactory inspired-
anesthetic concentration. This anesthetic dilution is usually ac-
complished as indicated in the Fig. 13.6 model by diverting the
gas entering the vaporizer into two streams, one that enters 
the vaporizing chamber (anesthetic chamber volume: Vanes) and
the other that bypasses the vaporizing chamber (dilution volume
or Vdilution). If the vaporizer is efficient, the carrier gas passing
through the vaporizing chamber becomes completely saturated to
an anesthetic concentration (%) reflected by (anesthetic-agent
vapor pressure/atmospheric pressure) � 100, at the vaporizer
chamber temperature. The resultant anesthetic concentration then

is decreased (diluted) downstream by the second gas stream to a
“working” concentration. In modern, precision, agent-specific
vaporizers no mental effort is required—just set the dial; the
manufacturers have precalibrated the vaporizer for accurate de-
livery of the dialed concentration. Nevertheless, it is helpful to
our overall understanding to know the principles underlying this
convenience and how to apply these principles in the use of older
noncompensated measured-flow vaporizers.

To calculate the anesthetic concentration from the vaporizer,
one must know the vapor pressure of the agent (at the tempera-
ture of use), the atmospheric pressure, the fresh gas flow enter-
ing the vaporizing chamber, and the diluent gas flow. Then,

% anesthetic = flow of anesthetic from the vaporizing 
chamber/total gas flow

More detail for interested readers is presented in Fig. 13.6.

Properties Influencing Drug Kinetics: Solubility
Anesthetic gases and vapors dissolve in liquids and solids. The
solubility of an anesthetic is a major characteristic of the agent
and has important clinical ramifications. For example, anesthetic
solubility in blood and body tissues is a primary factor in the rate
of uptake and its distribution within the body. It is therefore a pri-
mary determinant of the speed of anesthetic induction and recov-
ery. Solubility in lipid bears a strong relationship to anesthetic
potency, and its tendency to dissolve in anesthetic-delivery com-
ponents such as rubber goods influences equipment selection and
other aspects of anesthetic management.

Solubility of Gases As previously mentioned, molecules of a
gas that overlie a liquid surface are in random motion, and some
penetrate the liquid surface. After entering the liquid they inter-
mingle with the molecules of the liquid (i.e., the gas dissolves in
the liquid). There is a net movement of the gas into the liquid
until equilibrium is established between the dissolved gas in the
liquid and the undissolved portion above the liquid. At this time
there is no further net gain of gas molecules by the liquid, and the
number of gas molecules entering the liquid equals the number
leaving. The gas molecules within the liquid exert the same pres-
sure or tension that they exert in the gas phase. If the pressure
(i.e., the number of gas molecules overlying the liquid) is in-
creased, more molecules pass into the liquid, and the pressure
within the liquid is increased. This net inward movement of gas
molecules continues until a new equilibrium is established be-
tween the pressure of the gas in the liquid and that overlying the
liquid. Alternatively, if the pressure of gas overlying the liquid is
somehow decreased below that in the liquid, gas molecules es-
cape from the liquid. This net outward movement of gas mole-
cules from the liquid phase continues until equilibrium between
the two phases is reestablished.

The amount, that is, the total number of molecules of a given
gas dissolving in a solvent depends on the chemical nature of the
gas itself, the partial pressure of the gas, the nature of the solvent,
and the temperature. This relationship is described by Henry’s
law,

V = S � P
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where V is the volume of gas, P is the partial pressure of the gas,
and S is the solubility coefficient for the gas in the solvent at a
given temperature. Henry’s law applies to gases that do not com-
bine chemically with the solvent to form compounds.

Before leaving this basic information, a brief focus on a num-
ber of variations may be helpful. First, it is important to recog-
nize that if the atmosphere that overlies the solvent is made up of
a mixture of gases, then each gas dissolves in the solvent in pro-
portion to the partial pressure of the individual gases. The total
pressure exerted by the molecules of all gases within the solvent
equals the total gas pressure lying above the solvent.

Within the body there is a partition of anesthetic gases be-
tween blood and body tissues in accordance with Henry’s law.
This process can be perhaps better understood by visualizing a
system composed of three compartments (e.g., gas, water, and
oil) contained in a closed container (Fig. 13.7). In such a system
the gas overlies the oil, which in turn overlies the water. Because

there is a passive gradient from the gas phase to the oil, gas mol-
ecules move into the oil compartment. This movement in turn de-
velops a gradient for the gas molecules in oil relative to water. If
gas is continually added above the oil, there will be a continual
net movement of the gas molecules from the gas phase into both
the oil and, in turn, the water. At a given temperature, when no
more gas dissolves in the solvent, the solvent is said to be fully
saturated. At this point the pressure of the gas molecules within
the three compartments will be equal, but the amount (i.e., the
number of molecules or volume of gas) partitioned between the
two liquids will vary with the nature of the liquid and gas.
Finally, it is important to understand that the amount of gas that
goes into solution depends on the temperature of the solvent.
Less gas dissolves in a solvent as temperature increases, and
more gas is taken up as solvent temperature decreases. For exam-
ple, as water is heated, air bubbles appear inside the container as
a result of the decreasing solubility of the air in water.
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Fig. 13.6. An anesthetic vaporizer model to assist in illustrating the principles associated with the calculation of the vapor concentration of an
inhalation anesthetic emerging from a vaporizer. Conditions associated with halothane delivery in San Francisco (i.e., at sea level; barometric
pressure = 760 mm Hg) at 20°C are used as an example of general principles.
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Conversely, as blood is cooled from a normal body temperature
(e.g., hypothermia), gases become more soluble in blood.

The extent to which a gas will dissolve in a given solvent is
usually expressed in terms of its solubility coefficient (Table
13.2). With inhalation anesthetics, solubility is most commonly
measured and expressed as a partition coefficient (PC). Other
measurements of solubility include the Bunsen and Ostwald sol-
ubility coefficients.8,10

The PC is the concentration ratio of an anesthetic in the sol-
vent and gas phases (e.g., blood and gas) (Fig. 13.8) or between
two tissue solvents (e.g., brain and blood) (Table 13.2). It thus
describes the capacity of a given solvent to dissolve the anes-
thetic gas; that is, how the anesthetic will partition itself between
the gas and the liquid solvent phases after equilibrium has been
reached. Remember, anesthetic gas movement occurs because of
a partial pressure difference in the gas and liquid solvent phases,
so when there is no longer any anesthetic partial pressure differ-
ence there is no longer any net movement of anesthetic, and equi-
librium has been achieved. Solvent-gas PCs are summarized in
Table 13.2. The values noted in this table are for human tissues
because these values are most widely available in the anesthesia
literature. Comparative data for halothane with some species of
clinical interest in veterinary medicine is listed in Table 13.3.
Regardless of the species, it is important to emphasize that many
factors can alter anesthetic-agent solubility.10–13 Perhaps the
most notable after the nature of the solvent is temperature.

Of all the PCs that have been described or are of interest, two
are of particular importance in the practical understanding of
anesthetic action. They are the blood-gas and the oil-gas solubil-
ity coefficients.

Blood-Gas Partition Coefficient Blood-gas solubility coeffi-
cients (Tables 13.2 and 13.3) provide a means for predicting the
speed of anesthetic induction, recovery, and change of anesthetic
depth. Assume, for example, that anesthetic A has a blood-gas
PC value of 15. This means that the concentration of the anes-
thetic in blood will be 15 times greater at equilibrium than that in
alveolar gas. Expressed differently, the same volume of blood,
say 1 mL, will hold 15 times more of anesthetic A than 1 mL of
alveolar gas despite an equal partial pressure. Alternatively, con-
sider anesthetic B with a PC of 1.4. This PC indicates that, at
equilibrium, the amount of anesthetic B is only 1.4 times greater
in blood than it is in alveolar air. Comparing the PC of anesthetic
A with that of anesthetic B indicates that anesthetic A is much
more soluble in blood than B (nearly 11 times more soluble:
15/1.4). From this, and assuming other conditions are equal,
anesthetic A will require a longer time of administration to attain
a partial pressure in the body for a particular end point (say, anes-
thetic induction) than will anesthetic B. Also, since there is more
of anesthetic A contained in blood and other body tissues under
similar conditions, elimination (and therefore anesthetic recov-
ery) will be prolonged when compared with anesthetic B.

Oil-Gas Partition Coefficient The oil-gas PC is another solu-
bility characteristic of clinical importance (Table 13.2). This PC
describes the ratio of the concentration of an anesthetic in oil
(olive oil is the standard) and gas phases at equilibrium. The oil-
gas PC correlates directly with anesthetic potency (see the sec-
tion Anesthetic Dose: The Minimum Alveolar Concentration)
and describes the capacity of lipids for anesthetic.

Other Partition Coefficients Solubility characteristics for vari-
ous tissues (Tables 13.2 and 13.3) and other media, such as rubber
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Fig. 13.8. Blood-gas partition coefficient illustration. Adapted from
Eger.10

Fig. 13.7. Diagrammatic representation of an anesthetic gas distrib-
uting itself among three compartments (gas, oil, and water). At equi-
librium, the number of anesthetic molecules in the three compart-
ments differs, but the pressure exerted by the anesthetic molecules
is the same in each compartment.
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and plastic (Table 13.4), are also important. For example, the sol-
ubility of a tissue determines in part the quantity of anesthetic re-
moved from the blood to which it is exposed. The higher the tissue
solubility, the longer it will take to saturate the tissue with anes-
thetic agent. Thus, other things considered equal, anesthetics that
are very soluble in tissues will require a longer period for induc-
tion and recovery. If the amount of rubber goods in the apparatus
used to deliver the anesthetic to a patient is substantial, and the
anesthetic-agent solubility in rubber is large, the amount of uptake
of anesthetic agent by the rubber may be of clinical significance.

Pharmacokinetics: Uptake and
Elimination of Inhalation Anesthetics
The aim in administering an inhalation anesthetic to a patient is
to achieve an adequate partial pressure or tension of anesthetic
(Panes) in the CNS (e.g., brain; for purposes of this discussion,
considerations of anesthetic delivery to spinal cord sites of action
are considered similar to those of the brain) to cause a desired
level of CNS depression commensurate with the definition of
general anesthesia. Anesthetic depth varies directly with Panes in
brain tissue. The rate of change of anesthetic depth is of obvious
clinical importance and depends directly on the rate of change in
anesthetic tensions in the various media in which it is contained
before reaching the brain. Thus, knowledge of the factors that
govern these relationships is of fundamental importance to skill-
ful control of general inhalation anesthesia.

Inhalation anesthetics are unique among the classes of drugs
that are used to produce general anesthesia because they are ad-
ministered via the lungs. The pharmacokinetics of the inhaled
anesthetics describe the rate of their uptake by blood from the
lungs, distribution in the body, and eventual elimination by the
lungs and other routes. Readers seeking more in-depth coverage
are directed to reviews by Eger,10,14 Eger et al.,15 and Mapleson.16

Inhalation anesthetics, similar to the gases of respiration (i.e.,
O2 and CO2), move down a series of partial pressure gradients
from regions of higher tension to those of lower tension until
equilibrium (i.e., equal pressure throughout the apparatus and
body tissues) is established. Thus on induction, the Panes at its
source in a vaporizer is high, as is dictated by the vapor pressure,
and progressively decreases as anesthetic travels from vaporizer
to patient breathing circuit, from circuit to lungs, from lungs to
arterial blood, and, finally, from arterial blood to body tissues
(e.g., the brain) (Fig. 13.9). Of these the alveolar partial pressure
(PA) of anesthetic is pivotal. The brain has a rich blood supply,
and the anesthetic in arterial blood (PaAnes) rapidly equilibrates
with brain tissue (PbrainAnes). Usually gas exchange at the alve-
olar level is sufficiently efficient that the PaAnes is close to
PAAnes. Thus, the PbrainAnes closely follows PAAnes, and by
controlling the PAAnes there is a reliable indirect way for con-
trolling PbrainAnes and anesthetic depth.

At this point it may be also helpful to recall that although the
partial pressure of anesthetic is of primary importance, we fre-
quently define clinical dose of an inhaled anesthetic in terms of
concentration (C; i.e., vol%). As previously noted this is because
it is common practice for clinicians to regulate and/or measure

respiratory and anesthetic gases in volume percent. In addition,
in the gaseous phase, the relationship between the Panes and the
Canes is a simple one:

Panes = fractional anesthetic concentration � total ambient
pressure

The fractional anesthetic concentration is of course Canes/100.
However, as reviewed in the preceding section, in blood or tissues
the actual quantity of anesthetic depends on both the Panes and the
anesthetic solubility (as measured by PC) within the solvent (e.g.,
blood or oil). Consequently, at equilibrium, the partial pressure of
the gas in the alveoli and among tissue compartments will be
equal although concentrations will vary within these tissues.

Anesthetic Uptake
The PA of anesthetic is a balance between anesthetic input (i.e.,
delivery to the alveoli) and loss (uptake by blood and body tis-
sues) from the lungs. A rapid rise in the PA of anesthetic is asso-
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Fig. 13.9. The flow pattern of inhalation anesthetic agents during
anesthetic induction and recovery. Inhalation anesthesia may be
viewed as the development of a series of partial pressure (tension) gra-
dients. During induction there is a high anesthetic tension in the vapor-
izer that decreases progressively as the flow of anesthetic gas moves
from its source to the brain. Some of these gradients are easily manip-
ulated by the anesthetist; others are not or are done so with difficulty.



ciated with a rapid anesthetic induction or change in anesthetic
depth. Factors that contribute to a rapid change in the PA of anes-
thetic are summarized in Fig. 13.10.

Delivery to the Alveoli
Delivery of anesthetic to the alveoli and therefore the rate of rise
of the alveolar concentration or fraction (FA) toward the inspired
concentration or fraction (FI) depends on the inspired-anesthetic
concentration itself and the magnitude of alveolar ventilation.
Increasing either one of these or both increases the rate of rise of
the PA of anesthetic; that is, with other things considered equal
there is an increase in speed of anesthetic induction or change in
anesthetic level.

Inspired Concentration The inspired concentration has a num-
ber of variables controlling it. First of all, the upper limit of in-
spired concentration is dictated by the agent vapor pressure,
which in turn depends on temperature. This may be especially
important considering the breadth of veterinary medical applica-
tion of inhaled anesthesia and methods of vaporizing volatile

anesthetics under widely diverse conditions (some environmental
conditions are quite hostile).

Characteristics of the patient breathing system can also be a
major factor in generating a suitable inspired concentration under
usual operating-room conditions. Characteristics of special im-
portance include the volume of the system, the amount of rubber
or plastic components of the system, the position of the vaporizer
relative to the breathing circuit (i.e., within or outside of the cir-
cuit), and the fresh gas inflow to the patient breathing circuit. The
patient breathing circuit contains a gas volume that must be re-
placed with gas containing the desired anesthetic concentration.
Thus, the volume of the breathing circuit serves as a buffer to
delay the rise of anesthetic concentration. In the management of
small animals (i.e., animals weighing less than 10 kg) a non-
rebreathing patient circuit and/or a relatively high fresh gas inflow
into the patient breathing circuit is usually used, so there should
not be a clinically important difference between the delivered
(e.g., vaporizer dial setting) and the inspired concentrations. That
is, when the vaporizer dial setting is adjusted to the desired con-
centration setting, the fresh gas plus anesthetic flowing from the
vaporizer almost immediately contains the dialed anesthetic vapor
concentration. In addition, the total gas flow is high relative to the
volume of the delivery circuit, so the anesthetic concentration in
the inspired breath is rapidly increased. However, with animals
weighing more than 10 kg, a circle, CO2 absorber (i.e., rebreath-
ing), patient breathing circuit is most commonly used for inhala-
tion anesthesia. The volume of this breathing circuit may be very
large compared with fresh gas inflow. This volume markedly de-
lays the rate of rise of inspired-anesthetic concentration because
the residual gas volume must be “washed out” and replaced by
anesthetic containing fresh gas in order for the inspired concentra-
tion to increase to that delivered from the vaporizer (Fig. 13.11).
In addition, exhaled gas (minus CO2) is rebreathed to varying de-
grees with these circuits. The inspired gas is composed of exhaled
and fresh gases. Because the expired gas contains less anesthetic
than does the fresh gas, the inspired-anesthetic gas concentration
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Fig. 13.11. A comparison of the rate of increase of inspired-halothane concentration toward a constant-delivered concentration Finsp/Fdel in a
7-L small animal anesthetic breathing circuit (SAAM) at fresh gas flow rates of 1, 3, 6, and 12 L/min (LPM).17
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Fig. 13.10. Factors related to a change in alveolar anesthetic ten-
sion (PA, alveolar partial pressure).
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will be less than that of the fresh gas leaving the vaporizer.
In veterinary applications, the delaying influence of the circle

circuit is most notable with anesthetic management of very large
animals such as horses17 and cattle and/or when using a closed-
circuit fresh gas flow rate (i.e., where O2 is the fresh gas, and its
inflow [plus anesthetic] to the circuit just meets the metabolic
needs of the patient). With closed-circuit delivery, the fresh gas
inflow is very low relative to the circuit volume.7,10,17

The high solubility of some older anesthetics (e.g., methoxy-
flurane) (Table 13.4) in rubber and plastic also delays develop-
ment of an appropriate inspired-anesthetic concentration. The
loss of anesthetic to these equipment “sinks” serves to increase
the apparent volume of the anesthetic circuitry and may, in some
cases, be clinically important (e.g., the use of rubber hoses and a
large rubber rebreathing bag on circuits designed for anesthetic
management of horses). With the newest inhalation anesthetics
and more modern anesthetic-delivery equipment this issue is of
minor or no clinical importance.

Positioning the vaporizer in relation to the patient breathing
circuit will influence inspired-anesthetic concentration.16,18 For
example, with the vaporizer positioned within a circle rebreath-
ing circuit, a decrease in inspired concentration will follow an in-
crease in fresh gas inflow to the circuit, whereas an increase in
inspired concentration will result if the vaporizer is positioned
outside the circuit (Table 13.5). With the loss of methoxyflurane
to clinical practice most vaporizers in use, at least in North
America, are agent-specific, precision vaporizers. This style of
vaporizer is always placed upstream and outside of the patient
breathing circuit.

Alveolar Ventilation An increase in alveolar ventilation in-
creases the rate of delivery of inhalation anesthetic to the alveo-
lus (Fig. 13.12). If unopposed by blood and tissue uptake of anes-
thetic, alveolar ventilation would rapidly increase the alveolar
concentration of anesthetic so that within minutes the alveolar
concentration would equal the inspired concentration. However,
in reality the input created by alveolar ventilation is countered by
absorption of anesthetic into blood. Predictably, hypoventilation
decreases the rate at which the alveolar concentration increases
over time compared with the inspired concentration (i.e., anes-
thetic induction is slowed). Alveolar ventilation is altered by
changes in anesthetic depth (increased depth usually means de-

creased ventilation), mechanical ventilation (usually increased
ventilation), and dead-space ventilation (i.e., for any constant
minute ventilation, a decrease in dead-space ventilation results in
an increase in alveolar ventilation).

Alveolar ventilation and thus the alveolar anesthetic concen-
tration can also be influenced by administering a potent inhala-
tion anesthetic like halothane in conjunction with N2O. Very
early in the administration of N2O (during the period of large vol-
ume uptake; the first 5 to 10 min of delivery) the rate of rise of
the alveolar concentration of the concurrently administered in-
halation anesthetic is increased. This is commonly referred to as
the second gas effect, and this phenomenon can be applied clini-
cally to speed anesthetic induction.10,14,19

Removal from Alveoli: Uptake by Blood
As noted by Eger,10 anesthetic uptake is the product of three fac-
tors: solubility (S, the blood-gas solubility [Table 13.4]), cardiac
output (CO), and the difference in the anesthetic partial pressure
between the alveolus and venous blood returning to the lungs (PA
� P|), expressed in mm Hg:

uptake = S � CO(PA � P|/Pbar)

where Pbar = barometric pressure in mm Hg. Note that if any of
these three factors equals zero there is no further uptake of anes-
thetic by blood.

Solubility As previously discussed the solubility of an inhala-
tion anesthetic in blood and tissues is characterized by its PC
(Tables 13.2 and 13.3). Remember that a PC describes how an in-
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Table 13.5. Vaporizer positioning within or outside of a circle
patient rebreathing circuit influences inspired anesthetic
concentration

Vaporizer Positioning

Factor Out of Circuit In Circuit

Increase ventilation Decrease Increase
Increase fresh gas (O2) inflow Increase Decrease

to circuit

Fig. 13.12. The effect of ventilation on the rise of the alveolar con-
centration (FA) of halothane toward the inspired (FI) concentration. As
noted, the FA/FI ratio increases more rapidly as ventilation is in-
creased from 2 to 8 L/min. Redrawn from Eger,10 with permission.
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halation anesthetic distributes itself between two phases or two
solvents (e.g., the quantity of agent in blood and alveoli [gas] or
blood and muscle, respectively) once equilibrium is established
(i.e., when the anesthetic partial pressure is equal). Based on
blood-gas PCs, inhalation anesthetics range from highly soluble
(methoxyflurane) to poorly soluble (N2O, desflurane, and
sevoflurane). Agents such as halothane and isoflurane are inter-
mediary.

Compared with an anesthetic with high blood solubility (PC),
an agent with low blood solubility is associated with a more rapid
equilibration because a smaller amount of anesthetic must be dis-
solved in the blood before equilibrium is reached with the gas
phase. In the case of the agent with a high blood-gas PC the
blood acts like a large “sink” into which the anesthetic is poured,
and accordingly blood is “reluctant” to give up the agent to other
tissues (such as the brain). The blood serves as a conduit for drug
delivery to the brain and as such can be visualized as a pharma-
cologically inactive reservoir that is interposed between the lungs
and the agent’s site of desired pharmacological activity (i.e.,
brain). Therefore, an anesthetic agent with a low blood-gas PC is
usually more desirable than a highly soluble agent, because it is
associated with (a) a more rapid anesthetic induction (i.e., more
rapid rate of rise in alveolar concentration during induction [Fig.
13.13]); (b) a more precise control of anesthetic depth (i.e., alve-
olar concentration during the anesthetic maintenance); and (c) a
more rapid elimination of anesthetic and recovery (i.e., a rapid
decrease in alveolar concentration during recovery).

Cardiac Output The amount of blood flowing through the
lungs and into body tissues also influences anesthetic uptake
from the lungs. The greater the CO, the more blood is passing
through the lungs carrying away anesthetic from the alveoli.
Thus, a large CO, like increased anesthetic-agent blood solubil-
ity, delays the alveolar rise of Panes (Fig. 13.14). Patient excite-
ment is an example in which a relatively large CO is anticipated.
Conversely, a reduced CO should be anticipated with a patient in
shock. Such a situation would be associated with an increase in
the rate of the PA increase of the anesthetic, and this, along with
other factors, make the anesthetic induction more rapid and risky.

Alveolar to Venous Anesthetic Partial Pressure Difference The
magnitude of difference in anesthetic partial pressure between
the alveoli and mixed venous blood is related to the amount of
uptake of anesthetic by tissues. It is not surprising that the largest
gradient occurs during induction. Once the tissues no longer ab-
sorb anesthetic (i.e., equilibrium is reached), there is no longer
any uptake of anesthetic from the lungs because P| = PA (i.e., the
mixed venous blood returning to the lungs contains as much
anesthetic as when it left the lungs). The changes in gradient be-
tween the initiation of induction and equilibration result in part
from the relative distribution of CO. In this regard it is important
to recognize that roughly 70% to 80% of the CO is normally di-
rected to only a small volume of body tissues in a lean individ-
ual.20,21 Tissues such as the brain, heart, hepatoportal system,
and kidneys represent only about 10% of the body mass but nor-
mally receive about 75% of the total blood flow each minute. As
a result these highly perfused tissues equilibrate rapidly with ar-
terial anesthetic partial pressure when compared with other body
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Fig. 13.14. The effect of cardiac output on the rise of the alveolar
concentration (FA) of halothane toward the inspired concentration (FI).
As noted, the FA/FI ratio increases more rapidly as cardiac output is
decreased from 18 to 2 L/min. Redrawn from Eger.10
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Fig. 13.13. The rise in the alveolar anesthetic concentration (FA) to-
ward the inspired concentration (FI). Note that the rise is most rapid
with the least soluble anesthetic, nitrous oxide, and slowest with the
most soluble anesthetic, methoxyflurane. All data are from studies in
people. The curves are redrawn from Eger.1,326
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tissues (actual timing is influenced by agent solubility). Since the
venous anesthetic pressure or tension equals that in the tissue
within 10 or 15 min, about 75% of the blood returning to the
lungs is the same as the alveolar tension. This presumes there has
been no change in arterial anesthetic partial pressure during this
time and thus uptake is reduced. Skin and muscle comprise the
major bulk of the body (about 50% in humans) but at rest receive
only about 15% to 20% of the CO, so saturation of these tissues
requires several hours. Fat is a variable component of body bulk
and receives only a small proportion of blood flow. Conse-
quently, anesthetic saturation of this tissue is very slow because
all anesthetics are considerably more soluble in fat than in other
tissue groups (Table 13.2).

Other factors can influence the magnitude of the alveolar to ar-
terial anesthetic partial pressure gradient. For example, abnor-
malities of ventilation-perfusion cause an alveolar-arterial gradi-
ent proportional to the degree of abnormality.10,22,23 Others
include loss of anesthetic via the skin24–26 and into closed gas
spaces10,14,19 and metabolism.10,14

Overview
The rate with which the alveolar anesthetic concentration in-
creases relative to the inspired concentration (i.e., the rate of
change in anesthetic level) is often summarized as a plot of the
ratio of FA/FI versus time. The position of individual curves rep-
resenting different anesthetics on a plot is related to the solubil-
ity characteristics of the anesthetics (Fig. 13.13). The shape of
the graph of FA/FI versus time is similar for all anesthetics (Fig.
13.13). A rapid initial rise results from the effect of alveolar ven-
tilation bringing anesthetic into the lung. The rate of rise of the
curve then decreases as uptake by the blood occurs. With time the
highly perfused tissues of the body equilibrate with incoming
blood so that eventually about three-quarters of the total blood
flow returning to the heart has the same anesthetic partial pres-

sure as it had when it left the lungs. Thus, further uptake from the
lung is decreased, and the rate of approach of the FA to FI over
time is further decreased.

Anesthetic Elimination
Recovery from inhalation anesthesia results from the elimination
of anesthetic from the CNS. This requires a decrease in alveolar
anesthetic partial pressure (concentration), which in turn fosters
a decrease in arterial and then CNS anesthetic partial pressure
(Fig. 13.9). Prominent factors accounting for recovery are the
same as those for anesthetic induction. Therefore, factors such as
alveolar ventilation, CO, and especially agent solubility greatly
influence recovery from inhalation anesthesia. Indeed, the
graphic curves representing the washout of anesthetic from alve-
oli versus time (Fig. 13.15) are essentially inverses of the wash-
in curves. That is, the washout of the less soluble anesthetics is
high at first (i.e., rapid washout by ventilation of the lung func-
tional residual capacity) and then rapidly declines to a lower out-
put level that continues to decrease but at a slower rate. The
washout of more soluble agents is also high at first, but the mag-
nitude of decrease in alveolar anesthetic concentration is less and
decreases more gradually with time (Fig. 13.15).

An important factor during the washout period is the duration
of anesthesia. This effect and a comparison of this effect between
three agents spanning a range of blood solubilities is summarized
in Fig. 13.16.27 If a patient rebreathing anesthetic circuit (e.g.,
circle system) is in use and the patient is not disconnected from
the circuit at the end of anesthesia, the circuit itself may also re-
duce the rate of recovery, just as the circuit was shown to de-
crease the rate of rise of anesthetic during induction. This influ-
ence of rebreathing circuits can be reduced by directing high
flow rates of anesthetic-free O2 into the anesthetic circuit (i.e.,
applying principles of a non-rebreathing circuit).

Other factors that are important to varying degrees to inhala-

Inhalation Anesthetics ● 369

Fig. 13.15. The fall in alveolar concentra-
tion (FA) relative to the alveolar concentra-
tion at the end of anesthesia (FAO). Note
that the newest, most insoluble volatile
anesthetic, desflurane, is eliminated in hu-
mans more rapidly than are the other con-
temporary potent anesthetics. Not shown
is information for methoxyflurane. If pres-
ent, the curve for methoxyflurane would
appear above that for halothane. From
Eger,326 with permission.
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tion anesthetic elimination from the body include percutaneous
loss, intertissue diffusion of agents, and metabolism. Transcutan-
eous movement of inhalation agent occurs, but the amount under
consideration is small.24–26,28 Intertissue diffusion is of theoreti-
cal interest, but its clinical importance is limited.29–31

Metabolism may also play a small role with some inhalation
anesthetics (e.g., methoxyflurane and perhaps even halothane),
especially when associated with prolonged anesthesia.29,32–34

A special consideration associated with recovery after use of
N2O also deserves comment. Diffusion hypoxia is a possibility at
the end of N2O administration when the patient breathes air imme-
diately rather than O2 for at least a brief transition period (i.e., 5 to
10 min).35–37 In this case a large volume of N2O enters the lung
from the blood. This early rapid inflow of N2O to the lung dis-
places other gases within the lung. If at this time the patient is
breathing air (only about 21% O2) rather than 100% O2, N2O di-
lutes alveolar O2, further reducing O2 tension from levels found in
ambient air. This action may cause life-threatening reductions in
arterial oxygenation. Since the major effect is in the first few min-
utes after discontinuing N2O, the condition can be prevented by
administering pure O2 at the conclusion of N2O administration
rather than allowing the patient to breathe ambient air immediately.

Biotransformation
Inhalation anesthetics are not chemically inert.38 They undergo
varying degrees of metabolism primarily in the liver but also to
lesser degrees in the lung, kidney, and intestinal tract.32,39–42 The
importance of this is twofold. First, in a very limited way with
older anesthetics, metabolism may facilitate anesthetic recovery.
Second and more important is the potential for acute and chronic
toxicities by intermediary or end metabolites of inhalation
agents, especially on kidneys, liver, and reproductive organs.32,42

The magnitude of metabolism of inhalation anesthetic agents
is determined by a variety of factors, including the chemical
structure, hepatic enzyme activity (cytochrome P-450 enzymes
located in the endoplasmic reticulum of the hepatocyte), the
blood concentration of the anesthetic,43 disease states, and ge-

netic factors (i.e., some species and individuals are more active
metabolizers of these drugs than are others, e.g., humans com-
pared with rats).

An indication of the extent of biotransformation of contempo-
rary inhalation anesthetics is presented in Table 13.6. Sevoflu-
rane degrades in vivo to about the same extent as isoflurane and
as indicated by transient postanesthetic increases in blood and
urinary fluoride levels in rats,44–48 dogs,47 horses,49–51 swine,52

and people.53 The peak serum fluoride concentrations observed
in people during and after sevoflurane anesthesia are low, and
nephrotoxicity is not expected.53,54 Desflurane resists degrada-
tion in vivo.52,55,56 The increase in serum inorganic fluoride is
much smaller than that found with isoflurane.52,55,56

For further information on the biotransformation of inhalation
anesthetics in general and for specific details regarding individ-
ual anesthetic agents, readers are referred to reviews by Baden
and Rice32 and Mazze and Fujinaga.42

Anesthetic Dose: The Minimum
Alveolar Concentration
In 1963 Merkel and Eger described what has become the stan-
dard index of anesthetic potency for inhalation anesthetics: the
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Table 13.6. Biotransformation of inhalation anesthetics in humans

% Anesthetic
Anesthetic Metabolized References

Methoxyflurane 50–75 34, 41
Halothane 20–46 34, 40, 329
Sevoflurane 2–5 53, 330
Enflurane 2–8 34, 331
Isoflurane 0.2 332
Desflurane 0.02 56
Nitrous oxide 0.004 293, 294

Fig. 13.16. The decrease in the alveolar anesthetic concentration (FE) from the concentration at the time of breathing circuit disconnect (i.e.,
the beginning of recovery from anesthesia; FEO) is influenced by both the solubility (�) of anesthetic and the duration of anesthesia. From
Stoelting and Eger,27 with permission.
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minimum alveolar concentration (MAC).57 The MAC is defined
as the minimum alveolar concentration of an anesthetic at 1 at-
mosphere that produces immobility in 50% of subjects exposed
to a supramaximal noxious stimulus. Thus, the MAC corre-
sponds to the median effective dose (ED50): Half of the subjects
are anesthetized and half have not yet reached that “level.” The
dose that corresponds to the ED95 (95% of the individuals are
anesthetized), at least in people, is 20% to 40% greater than the
MAC.58 Anesthetic potency of an inhaled anesthetic is inversely
related to the MAC (i.e., potency = 1/MAC). From information
presented earlier, it also follows that the MAC is inversely related
to the oil-gas PC. Thus, a very potent anesthetic like the formally
available agent methoxyflurane, which has a high oil-gas PC, has
a lower MAC, whereas an agent with a low oil-gas PC has a
higher MAC.

A number of characteristics of the MAC deserve emphasis.10

First, the A in MAC represents alveolar concentration, not in-
spired or delivered (e.g., as from a vaporizer). This is important
because the alveolar concentration is easily monitored with con-
temporary technology. Also, as we reviewed earlier, after suffi-
cient time for equilibration (minutes), alveolar partial pressure
will more closely approximate arterial and brain anesthetic par-
tial pressures.

Second, the MAC is defined in terms of volume percent of 1 at-
mosphere and therefore represents an anesthetic partial pressure
(P) at the anesthetic site of action; that is, remember, Px = (C/100)
· Pbar, where Px stands for the partial pressure of the anesthetic in
the gas mixture, C is the anesthetic concentration in volume per-
cent, and Pbar is the barometric or total pressure of the gas mix-
ture. Thus, although the concentration at the MAC for a given
agent may vary depending on ambient pressure conditions (e.g.,
sea level vs. high altitude), the anesthetic partial pressure always
remains the same. For example, the MAC for isoflurane in healthy
dogs is reported as 1.63 vol%. The study reporting this value was
conducted at near sea level conditions at Davis, California (i.e.,
Pbar = 760 mm Hg). Based on the foregoing discussion, a MAC of
1.63 vol% represents an alveolar isoflurane partial pressure (Piso)
of 11.6 mm Hg. In comparison, for the same dog at Mexico City
(elevation, 2240 m above sea level; Pbar = 584 mm Hg) the alve-
olar Piso at the MAC is expected to be the same as determined at
Davis (i.e., 11.6 mm Hg), whereas the MAC (i.e., the alveolar
concentration) would be about 2.17 vol%.

Finally, it is important to note that the MAC is determined in
healthy animals under laboratory conditions in the absence of
other drugs and circumstances common to clinical use that may
modify the requirements for anesthesia. General techniques for
determining the MAC in animals are given elsewhere.10,59–62 In
determining the MAC in people the initial surgical skin incision
has been the standard noxious stimulus used.10 For the determi-
nation of the MAC in smaller animals (mice to dogs and
pigs)10,63,64 the standard stimulus has been application of a for-
ceps or other surgical clamp to the base of the tail or the base of
the dewclaw of the limb (e.g., pigs62), whereas electrical stimu-
lus applied beneath the oral mucous membranes is most com-
monly used in larger species such as horses.60

The MAC values for contemporary inhalation anesthetics for a

variety of animals commonly encountered in veterinary medicine
are summarized in Table 13.7a and b. Values for humans are also
listed for comparison. For values of agents of historical interest
such as methoxyflurane, enflurane, or diethyl ether, readers are
referred to the review in an earlier edition of this book or else-
where.10,64

Since its original introduction, the MAC concept has been ex-
tended to other stimulus end points in an effort to better define
and understand the anesthetic state. For example, Stoelting and
coworkers65 determined the value for the MAC of an anesthetic
at which people opened their eyes on verbal command during
emergence from anesthesia; this has been termed MAC-awake.
The verbal stimulus is of course less intense than the surgical in-
cision in people and thus the response occurs at a lower concen-
tration of anesthetic than movement following incision. The end-
tidal concentration preventing movement in response to tracheal
intubation (the MAC for intubation) is more stimulating to peo-
ple than is surgical incision and was described by Yakaitis and
colleagues.66,67 Roizen and colleagues68 reported an even greater
alveolar concentration necessary to prevent adrenergic response
(rise in endogenous catecholamines) to skin incision (also in
human patients) compared with the concentration necessary to
just prevent movement; this is known as MAC-BAR. Thus, a
group of response curves is possible and depends on the chosen
strength of the stimulus applied.

In a single species the variability in the MAC (response to a
noxious stimulus) is generally small and not substantially influ-
enced by gender, duration of anesthesia, variation in arterial CO2
partial pressure (PaCO2) (from 10 to 90 mm Hg), metabolic al-
kalosis or acidosis, variation in arterial oxygen partial pressure
(PaO2) (from 40 to 500 mm Hg), moderate anemia, or moderate
hypotension10,64,69 (Table 13.8). Even between species the vari-
ability in the MAC for a given agent is usually not large. How-
ever, there is at least one notable exception (Table 13.7a). In hu-
mans, the MAC for N2O is 104%, making it the least potent of
the inhalation anesthetics currently used in this species. Its po-
tency in other species is less than half that in humans (i.e., around
200%). Because the N2O MAC is above 100% it cannot be used
by itself at 1 atmosphere pressure in any species and still provide
adequate amounts of O2. Consequently, and assuming that the
MAC values for combinations of inhaled anesthetics are additive,
N2O is usually administered with another more potent inhalant
agent to thereby reduce the concentration of the second agent
necessary for anesthesia (Fig. 13.17). However, because of the
potency difference between animals and people, the amount of
reduction differs in an important way. For example, administra-
tion of 60% N2O with halothane reduces the amount of halothane
needed to produce the MAC by about 55% in healthy people
(Fig. 13.17) but reduces it only by about 20% to 30% in dogs. As
noted in Fig. 13.17, the response of other animals most closely
resembles that of dogs. Some physiological factors and drugs
that influence the MAC are listed in Table 13.8.

Equipotent doses (i.e., equivalent concentrations of different
anesthetics at the MAC) are useful for comparing effects of in-
halation anesthetics on vital organs. In this regard anesthetic dose
is commonly defined in terms of multiples of the MAC (i.e., 1.5
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or 2.0 times the MAC or simply 1.5 MAC or 2.0 MAC). From
the preceding discussion, therefore, the ED50 equals the MAC 
or 1.0 MAC and represents a light level of anesthesia (clearly in-
adequate in 50% of otherwise unmedicated, healthy animals).
The ED95 is 1.2 to 1.4 MAC, and 2.0 MAC represents a deep
level of anesthesia, in some cases even an anesthetic overdose.
The concept of MAC multiples can be used to compare drug ef-
fects and contrast pharmacodynamics of multiple doses of a spe-
cific drug.

Pharmacodynamics: Actions and
Toxicity of the Volatile Anesthetics
All contemporary inhalation anesthetic agents in one way or an-
other influence vital organ function. Some actions are inevitable
and accompany the use of all agents, whereas other actions are a
special or prominent feature of one or a number of the agents. In
addition, dose-response relationships of inhalation anesthetics
are not necessarily parallel. Differences in action, and especially
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Table 13.7a. Minimum alveolar concentration values (%) for a variety of mammals at sea level or near sea level conditions

Desflurane Halothane Isoflurane Sevoflurane N2O

Cat 09.79333 0.99335,336 1.28339 2.58341 255337

10.27334 1.14337 1.50336 3.07336

1.19338 1.61338 3.41334

1.63165

1.90334

2.21340

Cow 0.76342(calf) 1.14343 223342 (calf)
Dog 07.2344 0.86347 1.28165 2.1086 188348

07.68–8.19345 0.87337,348,349 1.30140 2.36350 222337

10.3346 0.89164,350 1.31353 297355

0.92351 1.39165

0.93352 1.39–1.50354

Ferret 1.01356 1.52356 267356

1.74357

Goat 1.29358 1.271 2.33358

1.3359 1.23360

1.29358

1.31361

1.43362

1.5359

Horse 07.02363 0.8860 1.3160 2.31368 205213

08.06151 0.95364 1.43141 2.84369

1.02365 1.44366

1.05142 1.64367

Monkey 0.89337 1.28370 200337

1.15370 1.46140

Mouse 06.6–9.1a,371 0.95372 1.31–1.77a,371 2.7375 150376

1.00373 1.35372 275373

1.19–1.37a,371 1.41373

1.59374

Pig 10.0062 0.90377 1.45380 1.97383 162381

0.91378 1.48377 2.12377 195382

1.25379 1.51140 2.53384 277379

1.55381 2.6692

1.75382

2.0462

Rabbit 08.90344 0.80385 2.05388 3.70392

0.82386 2.07389

1.05387 2.12390

1.39388

1.42389

1.44390

1.56391



undesirable action, of specific anesthetic agents form the basis
for selecting one agent over another for a particular patient
and/or procedure. Undesirable actions also provide primary im-
petus for development of new agents and/or anesthetic tech-
niques.

Data from healthy animals exposed to equipotent alveolar con-
centrations of these drugs under controlled circumstances pro-
vide foundation information for this review. In other cases, re-
sults of studies of human volunteers form the basis of our
understanding of some drug actions. Because animals are com-

monly allowed to breathe spontaneously during clinical manage-
ment of general anesthesia (versus controlled mechanical venti-
lation) investigational results obtained from spontaneously
breathing test animals are often considered baseline by veterinar-
ians. In the broader anesthesiology and pharmacology literature,
however, results of studies from human volunteers or animals ad-
ministered precise amounts of inhalation anesthetics during con-
trolled ventilation (and normocapnia) most commonly form the
basis of comparison of pharmacodynamic differences. It is im-
portant to stress that many variables other than mode of ventila-
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Table 13.7a. Minimum alveolar concentration values (%) for a variety of mammals at sea level or near sea level conditions (continued)

Desflurane Halothane Isoflurane Sevoflurane N2O

Rat 5.72393 0.81397 1.17397 2.99399 136407

6.48394 0.95398 1.28405 2.40400 155408

6.85395 1.02399 1.30406 2.5044 204172

7.10396 1.03372 1.38401 221409

1.10400 1.46372 235409

1.11401 1.46395

1.13402,403 1.58357,398

1.17404

1.23395

Sheep 0.97410 1.58410

Human 6.00411 0.73412 1.15416 1.58417 104423

(30–60 years) 0.74413,414 1.71418

0.77415 1.83419

1.84420

1.85421

1.9422

2.05392

N2O, nitrous oxide. Superscript numbers are reference numbers.
aAbsolute value related to strain.

Table 13.7b. ED50 values for a variety of nonmammalsa

Desflurane Halothane Isoflurane Sevoflurane N2O

Birds
Chicken 0.8561

Cockatoo 1.44424

Crane 1.34425

Duck 1.04426 1.30427

Hawk 1.45428 220428

Parrot
Amazon 1.47424

African gray 1.91424

Pigeon 1.51428 154428

Other
Goldfish 0.76429

Toad 0.67430 82.2430

ED50, median effective dose; N2O, nitrous oxide. Superscript numbers are reference numbers.
aSea level or near sea level conditions.



tion commonly accompany anesthetic management of animals in
both clinical and laboratory settings. These variables influence
drug pharmacodynamics and may cause individuals to respond
differently than test subjects that were studied under standardized
conditions. Such confounding variables include species, duration
of anesthesia, noxious (painful) stimulation, coexisting disease,
concurrent medications, variation in body temperature, and ex-
tremes of age as examples.

Central Nervous System
Inhalation anesthetics affect the CNS in many ways. Mostly
these agents are selected because they induce a reversible, dose-
related state of CNS (somatic and motor), but also hemodynamic
and endocrine, unresponsiveness to noxious stimulation: that is,
a state of general anesthesia. Interestingly, although clinical
anesthesia was introduced more than 150 years ago, the sites and
mechanisms by which general anesthetics (including the inhala-
tion anesthetics) cause unresponsiveness to surgical or other
forms of noxious stimulation remain unknown. Traditionally, this
summary state we refer to as general anesthesia was assumed to
result from a focus in the brain. However, mounting evidence is
causing a shift in thinking such that this state we know as general
anesthesia is likely the collection of a number of end points that
are distinct and site specific, and include supraspinal and spinal
events. For example, actions focused in the brain (especially the
cerebral cortex and thalamus) mediate such centrally recognized
components of general anesthesia as amnesia (at least in humans)
and hypnosis (sleep), whereas the spinal cord appears to be a crit-
ical site of anesthetic action that suppresses noxious-evoked
movement.70–72 In-depth review of known neural effects and the-
ories of mechanism of action of inhalation anesthetics is beyond

the scope of this clinically focused review. Accordingly, readers
with further interest in these subjects are referred to recent re-
views by investigators currently active in this work.73,74

Inhalation anesthetics influence electrical activity of the brain,
cerebral metabolism, cerebral perfusion, intracranial pressure,
and analgesia—issues of critical importance to anesthetic man-
agement of animals.

Electroencephalographic Effects
The electroencephalograph (EEG) is used to help identify patho-
logical brain disorders and to predict the outcome of brain insults.
Studies have also shown that general anesthesia alters EEG pa-
rameters, and we apply this knowledge to better understand anes-
thetic circumstances. The EEG signal (wave) contains two basic
parameters within a time frame (i.e., continues or an epoch): am-
plitude and frequency. Amplitude is the electrical height of the
waves in volts, and frequency is the number of times per second
the wave crosses the zero voltage reference point. The signal from
an alert, attentive brain is usually low amplitude and high fre-
quency. When events that lead the brain to produce higher fre-
quencies occur, the EEG is described as activated, and it is con-
sidered depressed when slower frequencies are noted. General
characteristics of the normal EEG are that it is symmetrical, the
patterns are predictable, and spike waveforms are not present. All
anesthetics do not produce exactly the same changes in EEG pat-
tern as dose (anesthetic depth) increases, so the generic correlation
of the raw EEG pattern with anesthetic dose is not precise. Indeed,
despite some weak correlations and its usefulness as an indication
of changing anesthetic depth, no parameter has had sensitivity and
specificity sufficient to justify use of the EEG alone as a reliable
index of anesthetic depth.75 With technological advances of recent
years, research has focused on use of processed EEG parameters
(e.g., the bispectral index) as improved descriptions of anesthetic
states. However, this subject is beyond the scope of this chapter
and therefore is explored elsewhere (see Chapter 38).

In general, as the depth of anesthesia increases from awake
states, the electrical activity of the cerebral cortex becomes de-
synchronized. Using isoflurane as an example of the general
EEG response to volatile anesthetics,1 the frequency of the 
EEG activity (alveolar concentrations of <0.4 MAC) initially in-
creases. With further increases in anesthetic concentration, a
decrease in frequency and increased amplitude of the EEG
waves occur. The wave amplitude increases to a peak (about 1
MAC), and then, with further dose increase, the amplitude pro-
gressively declines (burst suppression occurs at about 1.5 MAC;
i.e., bursts of slow high-voltage activity separated by electrical
silence) and eventually becomes flatline (predominance of elec-
trical silence). With isoflurane, an isoelectric pattern occurs at
about 2.0 MAC, whereas, on the other extreme, it is not seen
with halothane until >3.5 MAC. Electrical silence does not
occur with enflurane. The two newest volatile anesthetics—
sevoflurane and desflurane—cause dose-related changes similar
to those of isoflurane.76–78

Several anesthetics in contemporary use have epileptogenic
potential, especially in individuals predisposed to seizures.
Enflurane is most prominent in this regard among the inhalation
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Fig. 13.17. When nitrous oxide (N2O) is combined with halothane
the alveolar concentration of halothane at minimum alveolar concen-
tration is decreased. However, the halothane sparing imposed by ni-
trous oxide (N2O) is less in animals compared with humans. From
Steffey and Eger,216 with permission.
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anesthetics. Seizure activity is of concern because neuronal in-
jury may result if demands for substrate (especially O2) for main-
taining neuronal function are greater than supply. A second con-
cern is trauma to patients experiencing tonic-clonic muscle
twitching, especially among horses. People assisting in the anes-
thetic and surgical management of these large patients may be-
come injured. Finally, there is concern that seizures may persist
into the postanesthetic period, especially unpredictably and when
they occur in less well-controlled circumstances.

Systematic studies of EEG activity in people79 and dogs80

showed that enflurane was associated with spontaneous or noise-
initiated intensified seizures. In addition, enflurane induces sei-
zure activity that is associated with substantial increases in cere-
bral blood flow and cerebral metabolic use of O2. In the studies
by Joas et al.,80 halothane, methoxyflurane, and isoflurane did
not cause the frank epileptoid activity in dogs that was induced
by enflurane. Indeed, both halothane and isoflurane have the ca-
pacity to produce an isoelectric EEG, with isoflurane doing so at
a lower dose.1 Present wide-spread opinion is that epileptogene-
sis is not a clinical concern with either agent.

The EEG responses to the two newest anesthetics—desflurane
and sevoflurane—are reportedly similar to those of isoflu-
rane,76–78 and all three can suppress drug-induced convulsive be-
havior.81–85 However, there are reports of seizure activity in ani-
mals86,87 and human patients88,89 during sevoflurane anesthesia.
Because of the EEG-activating property of enflurane and perhaps
sevoflurane it seems prudent to avoid their use in situations when
events might predispose patients to seizures and when reasonable
anesthetic alternatives exist.

Cerebral Metabolism
All volatile anesthetics decrease cerebral metabolic rate (CMR;
cerebral O2 consumption). The magnitude of decrease is least
with halothane but similar with isoflurane, sevoflurane, and des-
flurane.76,81,86,90,91

Cerebral Blood Flow
The volatile anesthetics cause no change or often an increase in
cerebral blood flow (CBF).76,81,86,91,92 The effect on CBF is
likely the sum of a tendency both to decrease as a result of anes-

Inhalation Anesthetics ● 375

Table 13.8. Some factors that influence the value of the minimum alveolar concentration (anesthetic requirement)

No Change Increase Decrease

Arterial blood pressure >50 mm Hg431 Drugs causing CNS stimulation Drugs causing CNS depressiona

Atropine, glycopyrrolate, and scopolamine335 Amphetamine Other inhaled anesthetic
Duration of anesthesia Ephedrine Nitrous oxide19

Gender Morphine (horse141) Injectable anesthetics
Hyperkalemia and hypokalemia Laudanosine391 Ketamine243

Metabolic acid-base change Physostigmine432 Lidocaine340,352

PaO2 > 40 mm Hg Hyperthermia (to 42°C) Thiopental433

PaCO2 = 15–95 mm Hg Preanesthetic medication
Acepromazine434–436

Diazepam437–439

Detomidine366

Fentanyl440

Medetomidine441,442

Meperidine241

Midazolam443

Morphine444

Xylazine367

Other
Adenosine
Central anticholinergic432

5-HT antagonist445

Arterial blood pressure < 50 mm Hg
Hyponatremia
Hypothermia
Increasing adult age
PaO2 < 40 mm Hg
PaCO2 > 95 mm Hg
Pregnancy

5-HT, 5-hydroxytryptophan; CNS, central nervous system; PaO2, arterial oxygen partial pressure; PaCO2, arterial carbon dioxide partial pressure. Superscript
numbers are reference numbers.
aList of example drugs are intended to be representative, not exhaustive. The list is summarized from previous reviews10,59,64 except where indicated by su-
perscript reference numbers.



thesia reducing cerebral O2 consumption and increase due to va-
sodilation caused by direct anesthetic action on vascular smooth
muscle.93 This can be summarized by saying the ratio of CBF
relative to CMR is increased by the potent inhalation anesthetics.
The effect is anesthetic dose related and influenced by agent. The
rank order of CBF increase is generally regarded as halothane >
enflurane, isoflurane, desflurane, and sevoflurane (all four being
similar).69 Effects on CBF have been shown to be time depend-
ent in animals94–96 but not in humans.97

Intracranial Pressure
The inhalation anesthetics increase intracranial pressure (ICP),
and this change parallels the CBF increase that similarly accom-
panies these agents.76,98 In larger animals such as horses, body
and head position further impacts the heart-to-brain hydrostatic
gradient, which in turn can further impact ICP. Consequently,
body position necessitates even greater consideration in anes-
thetized horses than is commonly considered in smaller species
so as to minimize risks of inadequate CBF and cerebral is-
chemia.99 It is generally regarded across species lines that ICP
increases can be decreased by hyperventilation and decreasing
PaCO2.100 Accordingly, use of hyperventilation is a common
strategy in clinical situations in which even small elevations in
ICP are of special concern. Mechanical ventilation and accompa-
nying reduced PaCO2 also reduce ICP in horses.101 However, be-
cause of the commonly associated, often large decrease in sys-
temic blood pressure in this species, cerebral perfusion pressure
may decrease out of proportion and further reduce CBF.

Analgesia
A clinically desirable general anesthetic includes both hypnotic
and analgesic actions. However, studies to differentiate hypno-
tic potency from analgesic potency within the anesthetic-
concentration range is, at the least, difficult to interpret. Studies
of subanesthetic concentrations of inhalation anesthetics have
been preformed but with conflicting results. Some inhalation
anesthetics have been reported to increase the response threshold
to noxious stimulation compared with like, but unmedicated,
conditions (e.g., diethyl ether), whereas others (e.g., isoflurane
and sevoflurane) do not change the threshold,102,103 and still
others, like halothane,104 may decrease the threshold for re-
sponse and contribute a heightened awareness to noxious stimu-
lation (i.e., antianalgesia). More recent work even suggests that
inhalation anesthetics (including diethyl ether and N2O) can be
antianalgesic.105 An antianalgesic effect may enhance perception
of noxious stimulation (pain) for varying periods during, for ex-
ample, recovery from anesthesia when low-level alveolar con-
centrations are reached.

Respiratory System
Inhalation anesthetics depress respiratory system function. The
volatile agents, in particular, decrease ventilation in a drug-
specific and species-specific manner. Depending on conditions,
including species of interest, some of the most commonly con-
sidered measures of breathing effectiveness—that is, breathing
rate and depth (tidal volume)—may not be revealing or may even

be misleading. In general, spontaneous ventilation progressively
decreases as inhalation anesthetic dose is increased, because at
low-dose tidal volume decreases more than frequency increases.
As anesthetic dose is further increased, respiratory frequency
also decreases. In otherwise unmedicated animals (as well as
people) anesthetized with volatile agents, respiratory arrest oc-
curs at 1.5 to 3.0 MAC (Table 13.9). The overall decrease in
minute ventilation and the likely variable increase in dead-space
ventilation (causing an increase in the dead space to tidal volume
ratio, VD/Vt, from a normal of about 0.3 to 0.5 or more) reduce
alveolar ventilation. Decreases in alveolar ventilation are out of
proportion to decreases in CO2 production (O2 use is decreased
by general anesthesia), such that PaCO2 increases (Fig. 13.18). In
addition, the normal stimulation to ventilation caused by in-
creased PaCO2 (or decreased PaO2) is depressed by the inhala-
tion anesthetics, presumably via the action of these agents di-
rectly on the medullary and peripheral (aortic and carotid body)
chemoreceptors.106–109 Changes in perianesthetic PaO2 other
than what might be related to the magnitude of alveolar ventila-
tion are not notably different among the various inhalation anes-
thetics in a given species.

Bronchospasm is associated with some diseases and other pa-
tient conditions and contributes to increased airway resistance. A
variety of early studies indicated that, among anesthetics avail-
able at the time, halothane was the most effective bronchodila-
tor.110,111 The effect is believed to result at least partially by de-
creasing cholinergic neurotransmission.112,113 For years,
therefore, it has been the anesthetic agent of choice for patients
at risk of bronchospasm. The work of Hirshman and col-
leagues114,115 suggests that isoflurane and perhaps enflurane
were as effective in decreasing experimentally produced airway
resistance and therefore were good alternatives to halothane.
More recent work with isoflurane, sevoflurane, and desflurane
indicates that relaxation of constricted bronchial muscles by
these agents is at least equal to or exceeds that caused by
halothane.113,116,117

Avoidance of airway irritation by inspiring inhalation anes-
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Table 13.9. Apneic index (AI) in various species

Desflurane Halothane Isoflurane

MAC AI MAC AI MAC AI

Cat 1.63 2.4165

Dog 7.2 2.4119 0.87 2.9349 1.28 2.5165

Horse 0.88 2.660 1.31 2.360

Pig 9.8 1.6119,446

Rat 1.11 2.3173 1.38 3.1172

Human 7.25 1.8121 0.77 2.3121 1.15 1.7121

Minimum alveolar concentration (MAC) is given in volume percent, and
the AI is a ratio of the end-tidal anesthetic concentration at apnea and
MAC. Similar data are not currently available for sevoflurane.



thetics is important especially during induction of anesthesia be-
cause the irritation may cause breath holding, coughing, and
laryngospasm (particularly in some species such as primates
[human and nonhuman]) that, in turn, result in arterial oxyhemo-
globin desaturation. At least in humans, none of the potent in-
halation anesthetics seem to have irritant properties at subanes-
thetic concentrations. However, patient objection and airway
irritation is evident with desflurane (and to a lesser degree with
isoflurane118) at concentrations of 7% or greater,119,120 and as a
result desflurane is not commonly used for anesthetic induction
in human patients. Airway irritation has not been a generally rec-
ognized problem associated with induction of anesthesia in ani-
mals commonly anesthetized by veterinarians.

Arterial Carbon Dioxide Tension
The PaCO2 is the most frequently used index of respiratory sys-
tem response to general anesthetics. All contemporary inhalation
anesthetics depress alveolar ventilation and, as a consequence,
increase PaCO2 in dose-related fashion. Figure 13.18 summa-
rizes the effects of inhalation anesthetics in humans, the species
for which data are most complete.107,121–125 Actual rank order of
the magnitude of hypoventilation imposed by the four contempo-
rary volatile anesthetics at a common alveolar dose differs
slightly depending on the species.

Factors Influencing Respiratory Effects
Mode of Ventilation Ventilation is often assisted or controlled dur-
ing inhalation anesthesia to compensate for the anesthetic-induced

respiratory depression. Controlled mechanical ventilation (i.e., the
anesthetist controls both respiratory frequency and tidal volume) is
used to predictably maintain a normal, or some other specific,
PaCO2 during anesthesia. Assisted ventilation (i.e., the anesthetist
augments tidal volume, but the animal determines its own breathing
frequency) is used to attempt to improve the efficiency of oxygenat-
ing arterial blood and reduce the work of breathing but is usually
not effective in substantially lowering PaCO2 compared with cir-
cumstances associated with spontaneous ventilation (i.e., the ani-
mal controls both the rate and depth of breathing).126,127

Duration of Anesthesia Respiratory function, including PaCO2,
is little changed for as long as up to 10 h of constant, low-dose
halothane (or methoxyflurane) in dogs.128,129 This is also sup-
ported by work in humans130 anesthetized with constant low-
dose halothane. However, in horses anesthetized for 5 h with a
constant dose of 1.2 MAC isoflurane a substantial temporal in-
crease in PaCO2 was noted.131 A similar, but more modest, trend
was noted in horses when halothane was used for anesthe-
sia.132,133 At least in some species, if alveolar dose of halothane
is increased above about 1.0 to 1.3 MAC and maintained constant
at a heightened level, the magnitude of change in hypoventilation
also worsens with time.129 Conversely, there is evidence for re-
covery from the ventilatory depressant effects of volatile anes-
thetics in humans.125

Surgery and Other Noxious Stimulation Noxious stimulation
may cause sufficient central nervous stimulation to lessen the
ventilatory depression of the inhalation anesthetic.134–137 This ef-
fect is of course diminished with increasing anesthetic depth.

Concurrent Drug Administration In humans the substitution of
N2O for an equivalent amount of a concurrently administered,
more potent volatile agent such as isoflurane lowers PaCO2 more
(prevents hypoventilation) than does the volatile agent alone.19 In
dogs and monkeys anesthetized with halothane, ventilation was
at least as, and sometimes more, depressed when N2O was sub-
stituted for a portion of the halothane requirement.138,139 The ad-
dition of opioid drugs like morphine may increase the respiratory
depression produced by an inhalation anesthetic.136,140–142

Cardiovascular System
All of the volatile inhalation anesthetics cause dose-dependent
and drug-specific changes in cardiovascular performance. The
magnitude and sometimes direction of change may be influenced
by other variables that often accompany general anesthesia
(Table 13.10). The mechanisms of cardiovascular effects are di-
verse but often include direct myocardial depression and a de-
crease in sympathoadrenal activity.

Cardiac Output
All of the volatile anesthetics decrease CO. The magnitude of
change is dose related and depends on agent. In general, among
the contemporary agents in use with animals, halothane de-
presses CO the most.1,143–145 Desflurane in many ways is similar
in cardiovascular action to isoflurane, whereas sevoflurane has
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Fig. 13.18. Respiratory response to an increase in the alveolar con-
centration (expressed in as a multiple of the minimum alveolar con-
centration [MAC]) of inhalation anesthetics in humans. PaCO2, arte-
rial carbon dioxide partial pressure. Data are taken from multiple
sources.107,121–125

FPO



characteristics resembling both halothane and isoflurane. All
three of the newer volatile anesthetics tend to preserve CO at
clinically useful concentrations.51,119,146–154 The decrease in CO
is largely due to a decrease in stroke volume as a result of dose-
related depression in myocardial contractility.1,119,150,155–157

The effect of inhalation anesthetics on heart rate (HR) is vari-
able and depends on agent and species. For example, in humans,
HR is not substantially altered with halothane anesthesia but is
usually increased by isoflurane, desflurane, and sevoflu-
rane.153,158,159 Compared with conditions in awake, calm dogs,
HR is increased with the use of any of the four anesthetics
listed.149,154 There is evidence to suggest that differences be-
tween agents in the degree of increase in HR in dogs are ex-
plained by differences in the vagolytic activity of the agents.152

In dogs the HR usually remains constant over a range of clini-
cally useful alveolar concentrations in the absence of other mod-
ifying factors (e.g., noxious stimulation).143,144,149,154,160,161 The
distribution of blood flow to organs is altered during inhalation
anesthesia. Readers with special interest in these changes are re-
ferred elsewhere for further information.162,163

Arterial Blood Pressure
Volatile anesthetics cause a dose-dependent decrease in arterial
blood pressure (Fig. 13.19).15,51,143,147,151,154,164–168 In general
the dose-related decrease in arterial blood pressure is similar re-
gardless of the species studied.60,143,145,148,164–166,168–170 In ani-
mals the dose-related decrease in blood pressure with all four of
the contemporary agents is usually related mostly to a decrease
in stroke volume. In some cases (agent and/or species) a decrease
in peripheral vascular resistance may also play an important, but
lesser, role. This common scenario in animals differs from results
generally reported from studies with people anesthetized at least
with isoflurane, sevoflurane, and desflurane, whereby pressure
decreases primarily from a decrease in systemic vascular resist-
ance.15,171 Indices of anesthetic influence on cardiovascular col-
lapse are listed in Table 13.11.143,172,173

Cardiac Rhythm and Catecholamines
Inhalation anesthetics may increase the automaticity of the my-
ocardium and the likelihood of propagated impulses from ectopic
sites, especially from within the ventricle.174 Although sponta-
neously derived dysrhythmias were most notable with earlier in-
halation anesthetics (e.g., halothane), none of the three most re-

cently introduced ether-derivative agents appear to predispose
the heart to generated extrasystoles. However, any such effect
can be exaggerated by adrenergic agonists.175 The association of
cardiac dysrhythmias with adrenergic drugs and anesthetic
agents has received extensive study.

Inhalation anesthetics may sensitize the heart to arrhythmo-
genic effects of catecholamines. Halothane is most notable in this
regard, as it markedly reduces the amount of epinephrine neces-
sary to cause ventricular premature contractions.176 There is
some evidence that deeper levels of halothane decrease this inci-
dence,177–179 but this is not a consistent finding.180 Enflurane and
methoxyflurane are less potent in regard to their ability to sensi-
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Fig. 13.19. Inhalation anesthetics cause a dose (expressed as mul-
tiples of the minimum alveolar concentration [MAC])-dependent de-
crease in mean arterial blood pressure (MAP) in dogs whose ventila-
tion is mechanically controlled to produce eucapnia. N2O, nitrous
oxide. Data are from many sources and referenced in the text.

Table 13.11. Anesthetic-induced cardiovascular depression as ex-
pressed by cardiovascular anesthetic indices

Desflurane Halothane Isoflurane

Doga 2.84 2.69
Pigb 2.45 3.02
Ratc 3.00 5.70

aThe anesthetic concentration causing death in ventilated dogs related to the
minimum alveolar concentration (MAC).119

bMean fatal dose related to the MAC.446

cHeart concentration of anesthetic at cardiovascular failure related to heart
concentration of anesthetic at establishment of anesthesia.172,173

FPO

Table 13.10. Factors that influence cardiovascular effects of
inhalation anesthetics

Anesthetic dose
Duration of anesthesia
Concurrent drug therapy
Intravenous fluid therapy
Magnitude of PaCO2

Mechanical ventilation
Noxious stimulation

PaCO2, arterial carbon dioxide partial pressure.



tize the heart to arrhythmogenic effects of epinephrine, and
isoflurane, desflurane, and sevoflurane are least arrhythmo-
genic.1,179,181–186 The potential for dysrhythmias follows admin-
istration of most catecholamine-type drugs, although the magni-
tude of such potential varies with the drug coadministered186–191

and other associated conditions.192 Such considerations are im-
portant in the design of anesthetic plans for patients in which it
is desirable or necessary to administer catecholamines, for exam-
ple, local application to minimize blood oozing from highly vas-
cular surgical sites, to minimize blood pressure, or for CO sup-
port, or in patients in which high blood levels of endogenous
catecholamines are anticipated.

Factors Influencing Circulatory Effects
A variety of circumstances occasionally associated with the anes-
thetic management of veterinary patients may add to or negate
the primary effects of the anesthetic. In most cases the most pro-
found modifications of drug action are on cardiovascular func-
tion. Some factors influencing cardiovascular performance in-
clude mechanical ventilation and alterations in PaCO2, noxious
(surgical) stimulation, duration of anesthesia, and coexisting
drugs.

Mode of Ventilation and PaCO2 There may be considerable dif-
ference in the cardiovascular effects of inhalation anesthetics in
animals breathing spontaneously compared with when their
breathing is mechanically controlled (e.g., intermittent positive-
pressure ventilation [IPPV]) to produce and maintain a normal
PaCO2. In general, and considering a broad range of circum-
stances, cardiovascular function is usually depressed during
IPPV relative to actions during spontaneous ventilation. Such ac-
tion results from either the direct mechanical actions (e.g., inter-
mittent elevation of intrathoracic pressure and resultant decrease
in venous return to the heart) or lessening of the indirect pharma-
cological action of PaCO2

193 or both. Carbon dioxide has phar-
macological actions important for these considerations. For ex-
ample, an increased PaCO2 has direct depressant actions on the
heart and smooth muscle of the peripheral blood vessels (i.e.,
vessel dilation) but indirect (via sympathetic nervous system)
stimulation of circulatory function.

In generally healthy, sympathetically intact animals (light
anesthesia) the stimulatory actions of hypercapnia usually pre-
dominate, so increased CO and arterial blood pressure usually
accompany an increase in PaCO2, becoming lower when PaCO2
is normalized.51,126,145,151,164,168,169,194–197

Noxious Stimulation Noxious stimulation during anesthesia
modifies the circulatory effect of inhalation anesthetics via stim-
ulation of the sympathetic nervous system. An increase in arterial
blood pressure and HR (CO) commonly accompanies noxious
stimulation.68,136,137,198,199 The response is anesthetic dose re-
lated. For example, Roizen et al.68 and Yasuda et al.198 showed
that deeper levels of halothane and enflurane decreased or pre-
vented surgically induced increases in serum norepinephrine lev-
els in human patients.68 Anesthetic doses that block the response
are in the range of 1.5 to 2.0 MAC.

Duration of Anesthesia Some cardiovascular effects of inhala-
tion anesthetics may change with duration of anesthesia. For
example, in humans, halothane anesthesia lasting 5 to 6 h is as-
sociated with an increase in values of some measures of cardio-
vascular function, such as CO and HR.195,200 Similarly, varying
degrees of time-related changes have been reported with the use
of enflurane,125 desflurane,159,201,202 and others.158,201–205

Temporal changes in cardiovascular function have also been re-
ported in a variety of animals with the use of halothane,129,132,206,207

isoflurane,131,206,208 and sevoflurane.208 Dose of anesthetic129,158,209

and body posture during anesthesia133,210 apparently also play a
temporal role in some species.

The causes of these changes remain unclear. In vitro, depres-
sion of the cat papillary muscle exposed to a constant concen-
tration of halothane does not vary over a 3-h period.211 This ob-
servation suggests that temporal effects associated with
inhalation anesthetics are not the result of improved intrinsic car-
diac function. Studies on human volunteers have shown that tem-
poral responses to halothane can be prevented if the subjects are
given propranolol before anesthesia, which suggests that the
mechanism is related to increasing sympathetic nervous system
activity.212

Usually the temporal changes associated with inhalation anes-
thetics are of only minor or no concern to clinicians. However,
such changes must be considered when interpreting results of
laboratory studies in which these agents are used for anesthetic
management.

Concurrent Drug Administration Drugs administered immedi-
ately before or in conjunction with inhalation anesthetics (pre-
anesthetic medication, injectable anesthetic induction drugs,
vasoactive and cardiotonic drugs, etc.) may influence cardiovas-
cular function by altering the anesthetic requirement (i.e., the
MAC and thereby increase or decrease anesthetic level) or by
their own direct action on cardiovascular performance.

For example, N2O is used on occasion as a substitute for a por-
tion of a more potent inhalation anesthetic. Because of its own
anesthetic potency (albeit small; remember, the MAC for N2O in
animals is in the range of 2 atmospheres [Table 13.7]) its use may
facilitate delivery of a reduced amount of the potent volatile
agent and thereby contribute to some cardiovascular sparing.
Nitrous oxide may depress the myocardium directly, but this ef-
fect is usually counterbalanced by its sympathomimetic effect,
often resulting in a net improvement in cardiovascular function
compared with conditions without N2O. In animal patients the
magnitude of N2O effect is clinically limited and species depend-
ent.138,139,166,213,214 More complete summaries of its cardiovas-
cular actions have been published elsewhere.215,216

Injectable drugs, such as acepromazine, �2-agonists, thiobar-
biturates, and dissociatives (e.g., ketamine), are frequently ad-
ministered to animals as part of their anesthetic management.
These drugs confound the primary effects of the inhalation anes-
thetics and may accentuate cardiovascular depression. On the
other hand, sympathomimetic drugs, such as ephedrine,217 dopa-
mine, and dobutamine,218,219 are frequently given to counteract
unwanted cardiovascular depression of the anesthetic.
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Effects on the Kidneys
It is generally regarded that present-day volatile inhalation anes-
thetics produce similar mild, reversible, dose-related decreases in
renal blood flow and glomerular filtration rate and that such
changes largely reflect an anesthetic-induced decrease in CO.171

However, some studies show little or no change in these kidney-
related parameters.44,163,220,221

As a consequence of the anesthetic-induced decrease in
glomerular filtration, healthy anesthetized animals commonly
produce a smaller volume of concentrated urine compared with
when awake. An increase in serum urea nitrogen, creatinine, and
inorganic phosphate may accompany especially prolonged anes-
thesia.222–225 The reduction in renal function is highly influenced
by an animal’s state of hydration and hemodynamics during
anesthesia.226 Accordingly, attendant intravenous fluid therapy
and prevention of a marked reduction in renal blood flow will
lessen or counteract the tendency for reduced renal function. In
most cases, effects of inhalation anesthesia on renal function are
rapidly reversed after anesthesia.

Among the inhalation anesthetics, methoxyflurane is the most
nephrotoxic. Although it is no longer available for use in human
or animal patients, its actions are of pathophysiological interest
and therefore is briefly reviewed here. Particularly in humans and
some strains of rats, the use of methoxyflurane caused renal fail-
ure that was characterized not by oliguria but by a large urine
volume unresponsive to vasopressin.32 This was caused by the
biotransformation of methoxyflurane and the large release of free
fluoride ion that, in turn, directly damaged the renal tubules.
Although renal injury in animals is rare, renal injury has been re-
ported in dogs when methoxyflurane was used in combination
with tetracycline antibiotics227 and flunixin.227

With the possible exception of enflurane and sevoflurane, the
breakdown of other inhalation anesthetics does not pose a risk of
fluoride-induced nephrotoxicity. Biotransformation of enflurane
and sevoflurane by humans following a moderate duration of
anesthesia causes serum inorganic fluoride concentrations to in-
crease even beyond the 50-µmol/L level, which is normally con-
sidered the nephrotoxic threshold in humans.32,171,228,229 How-
ever, clinical, histological, or biochemical evidence of injury
related to increases in fluoride has only rarely been reported in
human patients. The overriding consensus is that sevoflurane has
little potential for nephrotoxicity caused by defluorination.32,171

Two factors may explain the general lack of injury despite the
body’s ability to degrade sevoflurane. In 1977, Mazze et al.230

proposed that the area under the serum fluoride concentration-
versus-time curve may be a more important determinant of
nephrotoxicity than is peak serum fluoride concentration. Be-
cause sevoflurane is poorly soluble and is rapidly eliminated via
the lungs the duration of its availability for biotransformation is
notably limited. More recently, Kharasch and coworkers231 pro-
posed another consideration: Sevoflurane is primarily metabo-
lized by the liver, whereas hepatic and renal sites are important
for methoxyflurane breakdown. The relative lack of intrarenal
anesthetic defluorination may markedly reduce its nephrotoxic
potential. Studies have confirmed the increase in serum fluoride
in horses anesthetized with sevoflurane.49–51 In these reports the

magnitude and time course of fluoride increase were similar to
that reported for humans. In addition, as with humans, no evi-
dence has been reported of untoward renal effects associated with
the increase in fluoride in horses.

Sevoflurane is degraded by CO2 absorbents such as soda lime
and Baralyme.45,53 A nephrotoxic breakdown product—
compound A—is produced.45,232 Compound A can cause renal
injury and death in rats,233 and the concentration threshold for
nephrotoxicity in rats234–236 is within the range of concentrations
that may be found associated with the anesthetic management of
human patients.237 Not surprisingly, compound A is formed in
the breathing circuits used for animals in veterinary medical
practice.238 The ultimate importance of in vitro sevoflurane
degradation to the well-being of veterinary patients like dogs,
cats, and horses50 remains to be established. Until such time that
additional data appear, it seems prudent to avoid sevoflurane for
prolonged anesthesia especially with concurrent low fresh gas in-
flow to the breathing circuit (which promotes the concentration
of compound A) and in patients with known or marginal kidney
disease.

Effects on the Liver
Depression of hepatic function and hepatocellular damage may
be caused by the action of volatile anesthetics. Effects may be
mild and transient or permanent, and injury may be by direct or
indirect action. Studies by Reilly et al.239 suggested that at least
halothane (but likely also other potent inhalation anesthetics)
substantially inhibits the drug-metabolizing capacity of the liver.
A reduction in intrinsic hepatic clearance of drugs along with
anesthetic-induced alteration of other pharmacokinetically im-
portant variables (e.g., reduced hepatic blood flow) fosters a de-
layed drug removal or an increase in plasma drug concentration
during anesthesia. Examples of such circumstances have been re-
ported.239–243 Prolonged or increased (relative to conditions in
the unanesthetized animal) plasma concentrations of some drugs
have important toxic implications, especially in physiologically
comprised patients.

All of the potent inhalation anesthetics can cause hepatocellu-
lar injury by reducing liver blood flow and oxygen delivery.
However, available data suggest that, of the four contemporary
volatile anesthetics, isoflurane is most likely to better maintain
tissue O2 supply and thereby is the agent least likely to produce
liver injury even when administered for prolonged periods. The
effects of the two newest agents sevoflurane and desflurane are
nearly similar to isoflurane, whereas halothane produces the
most striking adverse changes.32,147,163,167,244–250 Results of in-
vestigations indicate that ancillary influences, including the use
of N2O,251 concurrent hypoxia,249,252–254 prior induction of he-
patic drug-metabolizing enzymes,255,256 mode of ventilation,257

and positive end-expired pressure,258 may worsen conditions and
increase the likelihood of hepatocellular damage.

It now appears that especially halothane produces two types of
hepatotoxicity in susceptible individuals. One is a mild, self-
limiting postanesthetic form of hepatocellular destruction and as-
sociated increase in serum concentrations of liver enzymes. Signs
of hepatotoxicity occur shortly after anesthetic exposure. The other

380 ● Pharmacology



is a rare, severe, often fatal hepatotoxicity with delayed onset and
largely clinically limited to human patients (i.e., halothane hepati-
tis) and thought to be an immune-mediated toxicity.259,260 The
mechanism of halothane hepatitis may also be family related.261

The increased incidence of hepatic injury associated with
halothane was the principal factor leading to the decrease in the
use of halothane for human patients nearly three decades ago.

Effects on Skeletal Muscle: Malignant
Hyperthermia
Malignant hyperthermia (MH) is a potentially life-threatening
pharmacogenetic myopathy that is most commonly reported in
susceptible human patients262,263 and swine264 (e.g., Landrace,
Pietrain, or Poland China strains). However, reports of its occur-
rence in other species are available.265–271 Its clinicopathologi-
cal, histopathological, and genetic basis has recently been further
described for horses.272,273 All of the four contemporary volatile
anesthetics can initiate MH, but halothane is the most potent trig-
gering agent relative to other inhalation anesthetics.263 The syn-
drome is characterized by a rapid rise in body temperature that,
if not treated quickly, causes death. Monitoring of temperature
and CO2 production is warranted in susceptible or suspected pa-
tients. Patients known to be susceptible to MH can be anes-
thetized safely. Avoiding the use of triggering agents and admin-
istering prophylactic dantrolene before anesthesia are effective in
preventing the onset of MH.263

Further discussions on the clinical pharmacology and use of
volatile inhalant anesthetics in various species and disease condi-
tions, and for special procedures and patients, can be found in
other sections of this book that emphasize individual anesthetic
patient management.

The Gaseous Anesthetic: Nitrous Oxide
Nitrous oxide was introduced into clinical practice more than 150
years ago. Since then, its use has formed the basis for the use of
more general anesthetic techniques in human patients than any
other single inhalation agent.19 Its use became widespread because
of its many desirable properties, including low blood solubility
(Table 13.2), limited cardiovascular and respiratory system depres-
sion, and minimal toxicity.19 Its use in the anesthetic management
of animals became a natural extension of its use in people.

Dose
Nitrous oxide is not the ideal anesthetic for people or animals. As
discussed earlier in this chapter, N2O is not a potent anesthetic
(Table 13.7a and b) and will not anesthetize a fit, healthy individ-
ual. To derive the important benefits from the use of N2O, it is
usually administered in high inspired concentrations. However,
as the concentration of N2O is increased, there is a change in the
proportion and partial pressure of the various other constituents
of the inspired breath, notably O2. Consequently, to avoid hypox-
emia, 75% of the inspired breath is the highest concentration that
can be administered safely under conditions at sea level. Use of
N2O at locations above sea level requires a lower N2O concentra-
tion to ensure an adequate partial pressure of inspiratory O2

(PiO2). Nitrous oxide has less value in the anesthetic manage-
ment of animals than in that of human patients because the anes-
thetic potency of N2O in animals is only about half that found for
humans (e.g., the MAC for dogs is about 200% vs. about 100%
for people [Table 13.7a]).10,216 Thus, the value of N2O in veteri-
nary clinical practice is primarily as an anesthetic adjuvant, that
is, accompanying other inhaled or injectable drugs. Since the ef-
fects of N2O on vital organ function (including cardiovascular
and respiratory) in the absence of hypoxemia are small in most
veterinary patients, benefit is afforded by enabling a certain re-
duction in the amount of the primary, more potent, inhaled or in-
jectable anesthetic agent.

Kinetics
Nitrous oxide’s low blood solubility (Table 13.2) is responsible
for a rapid onset of action. Although it does not have the potency
to produce anesthesia, it may be used to speed induction of in-
halation anesthesia as a result of its own (albeit limited) CNS ef-
fects and, as mentioned earlier, also by augmenting the uptake of
a concurrently administered more potent volatile anesthetic such
as halothane: the second gas effect.10,19,274,275 When a high con-
centration of N2O is administered concurrently in a mixture with
an inhalation agent (e.g., N2O plus halothane), the alveolar con-
centration of the simultaneously administered anesthetic
(halothane) increases more rapidly than when the “second” gas
has been administered without N2O. The second gas effect is the
result of an increased inspiratory volume secondary to the large
volume of N2O taken up (remember, N2O is used at high concen-
trations)274 and a concentrating effect on the second gas in a
smaller volume (and thus increased gradient for transfer to
blood) as a result of the uptake of the large volume of N2O.10,275

Results of a more recent study with desflurane confirms previous
findings for the second gas effect.276

Pharmacodynamics
As noted previously, N2O’s effects on cardiovascular and respi-
ratory function (other than reducing the inspired O2 concentra-
tion) are small compared with other inhalation anesthetics. It
does depress myocardial function directly, but its sympathetic
stimulation properties counteract some of the direct depression
(its own as well as that from accompanying volatile anesthe-
tics).216 As a result of its sympathetic nervous system activation
it may contribute to an increased incidence of cardiac arrhyth-
mias.277,278 There is evidence to suggest that its use contributes
to myocardial ischemia in some circumstances.279–282 Overall, a
conservative outlook regarding N2O use relative to respiration
and circulation is that significant concern is warranted only in pa-
tients with initially compromised function.283,284 As with any
agent, its advantages and disadvantages should be weighed on an
individual patient basis.

Nitrous oxide has little or no effect on liver and kidney func-
tion.285–287 Although there is evidence of N2O-induced interfer-
ence with the production of red and white blood cells by bone mar-
row, the risk of adverse outcomes to a patient exposed under most
clinical veterinary circumstances is little or none.286,288 However,
prolonged exposure to N2O causes megaloblastic hematopoiesis
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and polyneuropathy. Seriously ill patients may have increased sen-
sitivity to these toxicities. Problems result from N2O-induced inac-
tivation of the vitamin B12–dependent enzyme methionine syn-
thase, an enzyme that controls interrelations between vitamin B12
and folic acid metabolism.289 Although an occasional patient may
develop signs suggestive of vitamin B12 and folic acid deficiency
after an anesthetic technique that includes the use of N2O, this is a
rare event in human and animal patients.286,290 Prolonged occupa-
tional or abusive exposure to N2O may be equally harmful, and
this potential harm should be considered in management plans of
veterinary practices.32,286,291,292 Nitrous oxide is rapidly and
mainly eliminated in the exhaled breath. The extent of biotransfor-
mation (to molecular nitrogen [N2]) is very small and mainly by
intestinal flora32,293,294 (Table 13.6).

Transfer of Nitrous Oxide to Closed Gas
Spaces
Gas spaces exist or may exist in the body under a variety of con-
ditions and to varying degrees. For example, gas is normally
found in the stomach and intestines. The gut is a dynamic reser-
voir; the gas it contains is freely movable into and out of it ac-
cording to the laws of diffusion. The gas in the gut originates
from air swallowing, normal production of bacterial behavior,
chemical reactions, and diffusion from the blood. There is
marked variability in both composition and volume of stomach
and bowel gas (e.g., herbivore vs. carnivore). There are other nat-
ural air cavities, such as the air sinuses and the middle ear, and
then there are circumstances in which air may be electively or in-
advertently introduced as part of diagnostic or therapeutic ac-
tions (e.g., pneumoencephalogram, pneumocystogram, endo-
scopy, and vascular air emboli).

Potential problems associated with gas spaces arise when an
animal breathing air is given a gas mixture containing N2O.10,19

Nitrogen is the major component of air (80%) and of most gas
spaces (methane, CO2, and hydrogen are also found in variable
quantities in the gut). When N2O is introduced into the inspired
breath, a reequilibration of gases in the gas space begins with
N2O quickly entering and N2 slowly leaving. That is, because of
its greater blood solubility, the volume of N2O that can be trans-
ported to a closed gas space is many times the volume of N2 that
can be carried away.10 For example, the blood-gas PC for N2O is
0.47 (Table 13.2), whereas that for N2 is about 0.015.295 Thus,
N2O is more than 30 times more soluble in blood than is N2
(0.47/0.015). The result of the net transfer of gas to the gas space
can be manifested as an increase in volume, as with the
gut,296,297 pneumothorax,297 or blood embolus;298,299 an increase
in pressure (e.g., middle ear300,301 or pneumoencephalogram302);
or both (as the distending limits of the compliant space are
reached). Usually air is used to inflate the cuff of an endotracheal
tube. This cuff is another relatively compliant, enclosed air
space. Nitrous oxide will similarly expand this gas space and
may increase the pressure exerted on the tracheal wall.303–305

Diffusion Hypoxia
A further issue requiring consideration for the differential move-
ment of N2O and N2 is at the end of anesthesia when N2O is dis-

continued. Because of the large volume of N2O stored in the
body during anesthesia and the unequal change of N2O for N2, a
deficiency in blood oxygenation may occur at the end of anesthe-
sia if air is abruptly substituted for N2O. As discussed earlier in
this chapter, this condition is referred to as diffusion hypoxia.35,36

The rapid outpouring of N2O from the blood into the lung causes
a transient but marked decrease in alveolar PO2, with a resultant
decrease in PaO2.

Interaction with Respiratory Gas Monitoring
Routine monitoring of expired CO2 is increasingly important and
possible in the operating room of veterinary hospitals. Nitrous
oxide interferes with the accurate recording of CO2 with some
monitoring devices. This interaction must be considered in deci-
sions regarding the purchasing of equipment and overall anes-
thetic management plan. A more complete summary of the ad-
vantages and disadvantages of N2O use is available elsewhere.19

Brief summaries of practical considerations of N2O use in veteri-
nary practice have also been published.306,307

Occupational Exposure: Trace
Concentrations of Inhalation
Anesthetics
Operating-room personnel are often exposed to low concentra-
tions of inhalation anesthetics. Ambient air is contaminated via
vaporizer filling, known and unknown leaks in the patient breath-
ing circuit, and careless spillage of liquid agent. Measurable
amounts of anesthetic gases and vapors are present in operating-
room air under a variety of conditions.308–315 Personnel inhale
and, as shown by studies, retain these agents for some time.316,317

The slow rate of elimination of some vapors (especially the more
blood-soluble agents like halothane) enables retained trace anes-
thetic quantities to accumulate from one day to the next.

Concern is raised because epidemiological studies of humans
and laboratory studies of animals have suggested that chronic ex-
posure to trace levels of anesthetics may constitute a health haz-
ard. The possibility that chronic exposure to low levels of anes-
thetic agents constitutes a hazard to health science personnel has
attracted and maintained worldwide interest since the early
1970s. Of particular concern are reports that inhaled anesthetics
possess mutagenic, carcinogenic, or teratogenic potential.
Depending on the point in life at which exposure occurs, there is
concern that these underlying mechanisms in turn may be re-
sponsible for an increased incidence of fetal death, spontaneous
abortion, birth defects, or cancer in exposed workers.318–320

However, to date, no genotoxic effect of long-term or short-term
exposure to inhaled anesthetics has been demonstrated in hu-
mans, and “the conclusion from both animal and human studies
is that there is no carcinogenic risk either from exposure to the
currently used inhaled anesthetics.”32

Although the data to date, especially regarding effects on
human reproduction, remain equivocal, a firm cause-and-effect
relationship between chronic exposure to trace levels of anesthe-
tics and human health problems does not exist. Although the risk
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of long-term exposure to trace concentrations of anesthetics for
those in operating-room conditions appears minimal, current evi-
dence is suggestive enough to cause concern and to encourage
practices to reduce the contamination by anesthetics of operating-
room personnel. Indeed, exposure levels have been recommended
by the government: 2.0 parts per million (ppm) for volatile agents
and 25 ppm for N2O.318 In this regard, inexpensive methods to re-
duce and control anesthetic exposure by operating-room person-
nel are available and should be used (Table 13.12).

Frequent monitoring of actual levels of anesthetic gas or vapor
is of obvious value and is encouraged in specialized circum-
stances and/or environments where there is high use. Likely the
greatest impact results from educating personnel about the poten-
tial problem of waste anesthetic gases and methods for control-
ling exposure levels.318–321 For further information on this sub-
ject, readers are directed to a more complete report of current
knowledge and conclusions from available data that have been
developed by the American Society of Anesthesiologists (ASA)
Task Force on Trace Anesthetic Gases of the ASA Committee on
Occupational Health of Operating Room Personnel.322
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Introduction
Local anesthetics are a group of chemically related compounds
that reversibly bind sodium channels and block impulse conduc-
tion in nerve fibers.1 The interruption of neural transmission in
sensory afferent nerves or tracts by a local anesthetic drug after
local tissue infiltration, regional nerve blocks, or epidural or in-
trathecal (subarachnoid) injection uniquely and most effectively
prevents or reduces pain or nociceptive input during and after
surgery. Analgesia in the desensitized area is not only complete
by such techniques, but it also removes the immediate secondary
(central) sensitization to pain and reduces the central facilitation
of the nociceptive pathway. The use of a local anesthetic is essen-
tial if surgery is to be performed in a conscious patient and the
pain associated with trauma and inflammation is to be relieved.
The use of a local anesthetic technique before surgery may also
benefit patients by avoiding general anesthesia or reducing the
amount of required general anesthetics. Sustained analgesia into
the recovery period is a great benefit to patients when a local
anesthetic with a longer anesthetic effect is used. Knowledge of
the clinical pharmacology of individual local anesthetics enables
the achievement of effective and safe neural blockade. Each of
the local anesthetic techniques discussed herein has its own par-
ticular rate of onset, duration, and risk of complication.

History
The 100-year history of local anesthetic use in humans has typi-
cally involved self-experimentation, followed by widespread ap-
plication with little testing for electrophysiology and neurotoxic-
ity in animals and humans. Desensitization of a body region
dates from 1884, when Koller reported the first topical use of co-
caine for rendering the eye temporarily insensible to pain at the
Congress of the German Society for Ophthalmology.2 However,
cocaine was found to be extremely toxic and addictive. Einhorn
synthesized procaine, the first nontoxic prototype of amino-ester
local anesthetics, in 1904. Subsequently, other amino-ester local
anesthetics, including tetracaine in 1932 and 2-chloroprocaine in
1955, were synthesized. The next milestone in local anesthetic
synthesis was in 1943, when Lofgren developed lidocaine, the
prototype for all subsequent amide-type local anesthetics. Within
60 years thereafter, additional amide local anesthetics were pro-
duced, including mepivacaine (1956), bupivacaine (1957), prilo-
caine (1959), etidocaine (1971), articaine (1974), and ropiva-
caine (1980s).3,4 Levobupivacaine is the newest member of the
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amino-amide class of long-lasting local anesthetics approved by
the Food and Drug Administration (FDA) in 1999.

Electrophysiological Effects
The conduction of impulses in excitable membranes requires a
flow of sodium ions through selective sodium channels into the
nerve in response to depolarization of the nerve membrane.5

Mammalian voltage-gated sodium channels consist of one large
alpha subunit that contains four homologous domains (D1 to
D4), each with six putative �-helical transmembrane segments
(S1 to S6) and one or two smaller auxiliary beta subunits.6 Under
resting conditions, sodium ions are at a higher concentration out-
side than inside the nerve, and a voltage difference across the ax-
onal membrane, known as resting potential, of �70 mV exists.
When the nerve is stimulated, the permeability of the membrane
to sodium ions increases transiently, and sodium passes through
the membrane by way of sodium-selective ionic channels that
exist in various conformations (i.e., resting, open, or inactivated),
depending on the transmembrane potential, depolarizing the
plasma membrane. During the depolarization, the action poten-
tial moves in obligatory fashion along the axon, allowing for im-
pulse propagation along the nerve membrane (Fig. 14.1). After a
few milliseconds, the membrane repolarizes as a result of inacti-
vation or “closing” of the sodium channels. During repolariza-
tion, the membrane is no longer permeable to sodium ions, but
potassium channels open, and potassium ions flow down their
electrochemical gradient out of the cell.1

Mechanisms of Action
The precise mode of action of local anesthetic drugs is unknown.
A number of theories have been offered: (a) the surface-charge
theory (benzene’s lipophilic end binds to the membrane hy-
drophilic end in solution and increases the transmembrane poten-
tial), (b) the membrane-expansion theory (benzocaine expands
the axonal membrane, compressing the ionic channels), (c) the
specific-receptor theory (the biotoxins tetrodoxin and saxitoxin
bind to receptors at the external surface at or near the sodium
channels, producing a potent conduction block, and (d) the com-
bination membrane-expansion and specific-receptor theory. In
this theory, the quaternary ammonium compounds (amides) and
ester local anesthetics first pass through the cell membrane as the
uncharged base (B) to reach the intracellular site where the un-
charged base is protonated and the charged cation (conjugated
acid, BH+) binds to the receptor and “plugs” the channel (Fig.
14.2).1 Charged or hydrophilic drugs reach the receptor primarily
through the open sodium channels and bind more strongly to the
closed than open channel. Highly lipid-soluble molecules ap-
proach the receptor through the membrane. Perhaps best ac-
cepted is the idea that local anesthesia results when local anes-
thetics bind to sodium-selective ionic channels in nerves,
inhibiting the sodium permeability that underlies action potential
and depolarization of the cell membrane.7 Electrical transmission
through a myelinated axon stops when enough concentration of
the anesthetic is applied to bathe at least three consecutive nodes
of Ranvier.8,9 More recently, local anesthetic binding has been
mapped to homologue domains D4 to S6 and inactivation to D3
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Fig. 14.1. Sodium-ion and potassium-ion
flux across the axolemma and propagation of
impulse: an unmyelinated nerve fiber (A) and
a myelinated nerve fiber (B). Reprinted from
Skarda,224 p. 200, with permission from
Elsevier.



to S6 of �-helical transmembrane segments of membrane pro-
teins in sodium channels.6

Frequency-Dependent Block
Local anesthetics may differ in their ability to bind to sodium
channels, depending on the channel status.10 Open ion-
conducting and inactivated sodium channels have a greater local
anesthetic affinity than resting, nonconducting sodium channels.
If a frog sciatic nerve preparation is stimulated at low frequency
(3 Hz) and exposed to a low concentration of a local anesthetic
(1.5 mM lidocaine, 0.125 mM etidocaine, or 0.06 mM tetracaine),
a minor decrease in impulse transmission develops. An increase in
the stimulus frequency (100 Hz) increases the degree of block.11

Repetitive stimulation of nerve fibers increases the binding af-
finity of the receptor site for local anesthetics and facilitates the
development of neural blockade, a phenomenon called use-
dependent or frequency-dependent block, or phasic block.

Other Mechanisms of Action
Local anesthetics will bind to many different sites that may con-
tain a variety of different sodium channels. The sodium channels
in the heart, brain, and axons are not identical.12 However, if
local anesthetics achieve a sufficient tissue concentration, they
will affect all excitable membranes, including such as exist in the
heart, brain, and neuromuscular junction. The molecular mecha-
nisms by which local anesthetics produce epidural or spinal (sub-
arachnoid) analgesia may include local anesthetic binding to
sodium and potassium channels within the dorsal and ventral
horns13 and binding to neural calcium channels, which causes
hyperpolarization of cell membranes.14 Alterations in membrane
calcium ion (Ca2+) may be responsible for deformation or expan-
sion of the cell membrane and thus the transmission or conduc-

tion of nerve impulses.15 Local anesthetics may inhibit substance
P binding and evoked increases in intracellular calcium (Ca2+),16

and potentiate �-aminobutyric acid (GABA)–mediated chloride
currents by inhibiting GABA uptake.17 Spinal anesthesia may
also be mediated via complex interactions at neural synapses and
disruption of electrical information coding.18

Other chemicals, such as toxins, �2-adrenergic agonists, keta-
mine, meperidine, calcium-channel blockers, antihistamines, an-
ticholinergics, alcohol, anticonvulsants, barbiturates, and volatile
general anesthetics also bind and inhibit sodium channels and
often exhibit weak local anesthetic activity.19–21 Xylazine,22 ket-
amine,23 and meperidine24 have reportedly produced perineal
anesthesia when applied to the caudal epidural space of horses.

Antimicrobial Activity
Additional and sometimes controversial benefits of local anes-
thetics, which are routinely administered before minor skin sur-
gery and for postoperative pain relief, include both a potent an-
timicrobial effect25–27 and improved wound healing.28,29

Administration of 1%, 2%, and 4% lidocaine demonstrates a
dose-dependent inhibition of growth for all strains of bacteria
tested (e.g., Staphylococcus aureus, Escherichia coli, Pseudomo-
nas aeruginosa, and Enterococcus faecalis) and no change in the
susceptibility of the bacteria to lidocaine by the addition of epi-
nephrine.26 Likewise, administration of 2% and 5% lidocaine
and 1% prilocaine demonstrates a powerful antimicrobial effect
on various bacteria, including Escherichia coli, Staphyloccocus
aureus, Pseudomonas aeruginosa, and Candida albicans.27 In
contrast, 0.25% and 0.5% bupivacaine shows poor antimicrobial
effectiveness, and ropivacaine has no antimicrobial effect on
such microorganisms.

Investigation of the in vivo effects of lidocaine on leukocyte
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function in surgical wounds of rats demonstrates lower leukocyte
cell counts in the wounds of lidocaine-treated versus placebo-
treated rats 48 and 72 h after surgical implantation of hollow ti-
tanium implants.28 At least one histopathological study indicates
that local infiltration of 0.5% and 2.0% lidocaine and 0.5% bupi-
vacaine does not substantially alter the healing of midline ab-
dominal incisions in rabbits.30

Clinical Pharmacology
Chemical Structure
All local anesthetics contain an aromatic ring at one end of the
molecule and an amine at the other, separated by a hydrocarbon
chain (Table 14.1).1,31,32 The aromatic end is derived from ben-
zoic acid or aniline and is lipophilic. The amine end is derived
from ethyl alcohol or acetic acid and is hydrophilic. Substitution
of alkyl groups on the aromatic ring or amine end increases lipid
solubility and potency.

Chirality
In general, local anesthetics are supplied commercially as
racemic mixtures of both R�(+) and S�(�) optical stereoiso-
mers. Differences in structure result in various pharmacody-
namic and pharmacokinetic actions.

Ropivacaine is provided as the hydrochloride of the pure
S�(�) enantiomer.33,34 It is associated with a reduced incidence
of both cardiovascular and central nervous system (CNS) toxic-
ity, a concern with use of racemic bupivacaine.35 In addition,
epidural ropivacaine is similar to bupivacaine in onset, depth, du-
ration, and extent of sensory blockade, although motor block is
less intense and briefer.36

More recently, levobupivacaine, the pure S�(�) enantiomer
of bupivacaine, has been produced. In common with ropivacaine,
levobupivacaine is less toxic than bupivacaine, which is attribut-
able to a lesser affinity for brain and myocardial tissue than ei-
ther that of the R�(+) enantiomer or racemic bupivacaine.37

Grouping of Local Anesthetics
The clinically useful local anesthetic drugs essentially segregate
into amino esters and amino amides, based on the chemical link
between the aromatic moiety and the hydrocarbon chain (Table
14.1). Amino esters have an ester link, and the amino amides
have an amide link, respectively. The nature of linkage (ester ver-
sus amide) has a notable effect on the chemical stability and the
route of metabolism. Ester-linked local anesthetics are cocaine,
benzocaine, procaine, chloroprocaine, and tetracaine. Most esters
are readily hydrolyzed by plasma cholinesterase and have short
half-lives when stored in solution without preservatives. Amide-
linked local anesthetics are lidocaine, prilocaine, dibucaine, eti-
docaine, mepivacaine, bupivacaine, levobupivacaine, ropiva-
caine, and articaine. The amide agents are very stable, cannot be
hydrolyzed by cholinesterase, and rely on enzymatic degradation
in the liver. The amide structure of articaine is similar to that of
other local anesthetics but contains an additional ester group,
which is quickly hydrolyzed by esterases, shortening its duration
of action. Ropivacaine and levobupivacaine are synthesized as

single S�(�) optical isomers. Other local anesthetics exist as
racemates or have no asymmetrical carbons.

The clinical action of local anesthetics may be described by
their inherent anesthetic potency, speed of onset of action, dura-
tion of action, and tendency for differential block (Table 14.2).
These properties do not sort independently.

Local Anesthetic Potency
There tends to be an association between the lipid solubility (oc-
tane-water partition coefficient) of a local anesthetic and the local
anesthetic potency in vitro.38 The smaller the molecule and larger
the lipophilic property of the local anesthetic, the more readily the
anesthetic permeates the axonal nerve membranes, which are
highly lipid in composition, and binds sodium channels with
greater affinity. The addition of side chains to the lipophilic end of
the basic chemical structure increases the lipid solubility and po-
tency of the local anesthetics. The addition of a butyl group to the
lipophilic end of procaine forms tetracaine, which is 80 times
more lipid soluble and 8 times more potent than procaine.
Similarly, replacement of the methyl group with a butyl group on
the lipophilic end of mepivacaine yields bupivacaine, which is ap-
proximately 30 times more lipid soluble and 8 times more potent
than procaine, making it also 15 times more lipid soluble and 4
times more potent than mepivacaine (Table 14.2).

Speed of Onset
The onset of local anesthetic effects in isolated nerves is most
likely associated inversely with the lipid solubility and acid disso-
ciation constant (pKa) of the anesthetic. Most local anesthetics
have pKa values that range from 7.7 to 9.1 (Table 14.2). The per-
centage of local anesthetic molecules present in the uncharged,
nonionized base form, which is primarily responsible for mem-
brane permeability, decreases with increased pKa at any given tis-
sue pH.39 When comparing mepivacaine (pKa, 7.7) with bupiva-
caine (pKa, 8.1), mepivacaine with its pKa nearer to tissue pH 7.4
has a noticeable faster onset of action than bupivacaine (5 to 10
vs. 20 to 30 min). Etidocaine is highly lipid soluble (partition co-
efficient, 140) and has a low pKa (7.74), so it penetrates diffusion
barriers around A-� nerves relatively easily, producing good
motor block within 5 to 10 min. Articaine has good lipid solubil-
ity (partition coefficient, 52) and low pKa (7.8). Articaine (4% so-
lution) produces successful (complete) local anesthesia for peri-
odontal surgery or tooth extraction in 1 to 3 min that lasts for 50
to 60 min.40 Although chloroprocaine has a higher pKa than pro-
caine (9.1 vs. 8.9), chloroprocaine is more potent and has a faster
onset of action. The pKa of ropivacaine is 8.07, approximately the
same as bupivacaine (8.1) or mepivacaine (7.7). However, ropiva-
caine has an intermediate degree of lipid solubility (partition co-
efficient of 14 at pH 7.4) compared with bupivacaine (partition
coefficient, 30) and mepivacaine (partition coefficient, 2).

Duration of Anesthetic Effect
The duration of clinical local anesthetic action correlates with the
high lipid solubility, which also relates to increased potency, as
previously described, and to increased protein binding within the
axonal membrane and the vasoactivity of the local anesthetic
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drug. Increasing the side chain of the local anesthetic molecule
increases the protein binding and prolongs the duration of action.
More lipid-soluble local anesthetics are relatively water insoluble
and, therefore, highly protein bound (Table 14.2).

The duration of effect of local anesthetics at the site of action
is inversely related to the rate of systemic absorption. The rate of
vascular absorption varies directly with the vascularity of the in-
jection site and the physicochemical and pharmacological prop-
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Table 14.1. Trade names, chemical structure, and main clinical uses of ester-linked and amide-linked local anesthetic agents
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Lidocaine Xylocaine
Lignocaine

Infiltration, nerve
   blocks, intra-articular,
   epidural

Prilocaine Citanest Infiltration, nerve
   blocks, epidural

Etidocaine Duranest Infiltration, nerve
   blocks, epidural

Mepivacaine Carbocaine Infiltration, nerve
   blocks, intra-articular,
   epidural

Bupivacaine Marcaine Infiltration, nerve
   blocks, epidural,
   subarachnoid

Levobupivacaine Chirocaine Infiltration, nerve
   blocks, epidural,
   subarachnoid

Ropivacaine Naropin Infiltration, nerve
   blocks, epidural,
   subarachnoid

Articaine Ultracain
Carticain

Infiltration, nerve
   blocks, intravenous,
   regional anesthesia,
   epidural

Amides

(continued)



erty and dose of the local anesthetic. Lidocaine is a better va-
sodilator than prilocaine, so lidocaine is removed from the site of
injection faster. This makes lidocaine a shorter-acting anesthetic
than prilocaine (60 to 120 vs. 120 to 180 min), even though lido-
caine is more protein bound (65% vs. 55%).

Articaine is better able to diffuse away through soft tissues and
bone than are other local anesthetics, and it contains an ester
group, which is quickly hydrolyzed by esterases, shortening its
duration to approximately 30 to 45 min.41 By using articaine in
peribulbar anesthesia for cataract surgery, corneal sensation re-
turns quickly, thereby reducing the likelihood of inadvertent
damage to an anesthetized eye after discharge.42

Tonicaine is a lidocaine derivative compound that produces
sciatic nerve blockade with a relatively fast onset (<10 min) and
long duration (12 to 16 h). Tonicaine requires additional local
and systemic toxicity studies before it can be safely used in ani-
mals and people.43

Bupivacaine, tetracaine, etidocaine, and ropivacaine are highly
lipid-soluble local anesthetics that are only slowly “washed out”
from isolated nerves in vitro, and they are not readily removed by
the bloodstream from nerve membranes, making their duration of
action long (180 to 480 min) (Table 14.2).

Mixtures of Local Anesthetics
Neural blockade produced by mixing of local anesthetics is un-
predictable and controversial and may depend on a number of
factors, which include not only the types of drugs but also the pH
of the mixture. If lidocaine (with fast onset and intermediate du-
ration) and bupivacaine (with long onset and duration of action)

are mixed, neural blockade may begin faster and last longer.44

One study suggests that there is no clinical advantage, with re-
spect to onset and duration of sensory blockade in humans, to
using a 50:50 mixture of plain lidocaine (1%) and plain bupiva-
caine (0.25%) in place of their independent use.45 Prior adminis-
tration of chloroprocaine (with fast onset and brief duration) to
bupivacaine (with longer onset and duration) shortens the dura-
tion of bupivacaine-induced nerve blockade, because the metabo-
lites of chloroprocaine may inhibit the binding of bupivacaine to
sodium-channel receptor sites.46,47 Administration of bupiva-
caine (2.4 µg/mL) and etidocaine (2.3 µg/mL) causes 38% and
21% inhibition, respectively, of the rate of chloroprocaine hy-
drolysis by human serum.48 A mixture of equal parts of 2%
chloroprocaine and 0.5% bupivacaine produces a rat sciatic nerve
blockade with the characteristics of a chloroprocaine block.
Changing the pH of this mixture from 3.6 to 5.6 changes the
characteristics to a blockade resembling that produced by bupi-
vacaine.49 For mixtures of lidocaine-bupivacaine and lidocaine-
tetracaine, there is no evidence of a synergistic or antagonistic in-
teraction in rats.50

Novel Local Anesthetic Delivery
Systems
Vehicles for Sustained Release of Local
Anesthetics
Various approaches have been tried to prolong neural blockade
and postoperative analgesia for several hours or days after a sin-
gle administration of a local anesthetic drug. Polyactic, polycar-
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Table 14.1. Trade names, chemical structure, and main clinical uses of ester-linked and amide-linked local anesthetic agents (continued)

Trade Name Chemical Structure Main Clinical Use

N

H

O

Cl

CH3
COOCH3

OOCC6H5

COC2H5H2N

COOCH2CH2N(CH2CH3)2H2N

COOCH2CH2N(CH3)2 • HClCH3(CH2)3NH

COOCH2CH2N(C2H5)2 • HClH2N

Benzocaine Americaine Topical
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Topical, subarachnoid
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bonate, and polymer microspheres containing local anesthet-
ics,51–53 lecithin-coated methoxyflurane microdroplets,54 local
anesthetics from biodegradable polymer matrices,55 lecithin-
coated tetracaine microcrystals,56 and liposome-encapsulated li-
docaine57 or bupivacaine58 have been developed to serve as vehi-
cles for sustained release of local anesthetic agents.

The large unilamellar vehicles (diameter, 300 nm) that exhibit
a pH gradient (pH 7.4, outside; and pH 4.0, inside) and encapsu-
late 0.75% bupivacaine can subsequently provide a sustained-
release system that increases the duration of neural blockade
from 2 to 6.5 h.58 In the guinea pig cutaneous wheal model, more
than 85% of the liposomal carrier remains at the site of adminis-
tration for 2 days.58 The duration of intercostal nerve blockade in
sheep increases from 4 to 13 days after using the controlled re-
lease of 8 to 80 mg of bupivacaine/kg of body weight and 0.05%
dexamethasone from polymer microspheres (470 mg of micro-
spheres containing 352 mg of bupivacaine per nerve).53

Continuous Peripheral Nerve Blockade
This can be accomplished by the use of a continuous-catheter in-
sertion system and a disposable infusion pump.59 Local anes-
thetic delivery has been applied at the end of surgery on 17 dogs
submitted for forelimb amputation, total ear-canal ablation with
lateral bulla osteotomy, or median and lateral thoracotomies. The
continuous infusion of 2% lidocaine (2 mL/h) into the surgical
sites was well tolerated by the patients, producing good postop-
erative analgesia for up to 50 h, with no acute local anesthetic
toxicity, hemodynamic instability, or breakthrough pain.60

Differential Nerve Blockade
Controversy still surrounds the differential susceptibility of nerve
fibers to local anesthetics and its relation to selective functional
deficit. It is apparent that differential block of impulses in nerve
fibers exists, varying among different anatomical features (differ-
ent peripheral nerves, fiber diameter, presence or absence of
myelination, and surrounding tissue), different local anesthetics,
critical duration of drug exposure (absorption, distribution, and
elimination of drug from the site of injection), and different ani-
mal species (e.g., frogs, rats, cats, and people).

Sensory and motor fibers have a characteristic neurophysio-
logical profile, motor and sensory function, and conduction-
block susceptibility (Table 14.3).

In Vitro Studies
One of the oldest observations about local anesthetic block with
cocaine is that dogs and frogs lose sensation before motor func-
tion.61 In vitro studies with desheathed rabbit vagus and sciatic
nerve indicate that various local anesthetics (i.e., cocaine, pro-
caine, chloroprocaine, tetracaine, lidocaine, bupivacaine, etido-
caine, tetrodoxin, and saxitoxin) block C fibers before A-�
fibers.62 These findings have led to the belief that the susceptibil-
ity to local anesthetic depends inversely on fiber diameter. The
“size principle” that smaller (slower) axons are always blocked
first, however, is not always true. When equilibrium is achieved
between the nerve and the local anesthetic solutions, the large A-
� fibers are blocked at the lowest drug concentration, the inter-
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Table 14.2. Physical, chemical, and biological properties of currently available local anesthetic agents.

Relative
Lipid Anesthetic Plasma Protein Onset of Duration of

Drug Solubility Potencya pKa Binding (%) Action Action (min)

Ester linked
Low potency, short duration

Procaine 1 1 8.9 6 Slow 45–60
Chloroprocaine 1 1 9.1 7 Fast 30–60

High potency, long duration
Tetracaine 80 8 8.6 80 Slow 60–360

Amide linked
Intermediate potency, short duration

Articaine 52 4 7.8 65 Fast 30–45
Intermediate potency and duration

Lidocaine 3.6 2 7.86 65 Fast 60–120
Mepivacaine 2 2 7.7 75 Fast 90–180
Prilocaine 1 2 7.7 55 Fast 120–180

Intermediate potency, long duration
Ropivacaine 14 6 8.07 95 Intermediate 180–480

High potency, long duration
Bupivacaine 30 8 8.1 95 Intermediate 180–480
Levobupivacaine 31.1 ND 8.09 >97 Intermediate 180–480
Etidocaine 140 6 7.74 95 Fast 180–480

aThe potency given is relative to procaine. ND, not determined.



mediate B fibers are blocked at a higher concentration, and the
smallest, slowest-conducting C fibers require the highest drug
concentration for conduction blockade.63,64

Similarly, earlier reports indicate that the larger A-� fibers in
rabbit vagus nerve are more susceptible to the local anesthetic
blockade than are the small, preganglionic, myelinated B
fibers.64–66 The larger A-� fibers in the dorsal roots of saphenous
nerve of cats are also reported to be more susceptible to procaine
blockade than are the C fibers.63

In Situ Studies
Local anesthetics have been found to block pain fibers (small un-
myelinated C fibers and myelinated A-� fibers) more readily and
before other sensory and motor fibers (large myelinated A-�, A-
�, and A-� fibers) (Table 14.3). Local anesthetics also will block
small-diameter myelinated or unmyelinated fibers at a lower con-
centration than is required to block large fibers of the same type.
This is probably attributable to the longer action potentials and
the discharge at higher frequencies of smaller fibers.

A recent in vivo electrophysiological study with rats con-
firmed such results.67 If the minimal effective threshold concen-
tration of lidocaine in rat sciatic nerve was measured that pro-
duced 50% of tonic fiber blockade in large, myelinated A-� and
A-� fibers, small myelinated A-� fibers, and unmyelinated C
fibers of sensory axons, and in large myelinated A-� fibers and
small A-� of motor axons, then the order was motor = proprio-
ception (A-� > A-� = A-� > A-� fibers) > nociception (C fibers).
At 1% lidocaine, all fibers were tonically blocked.

On the other hand, if compound action potentials of the saphe-
nous nerve were recorded before and during blockade with low
concentrations with either a low lipid-soluble local anesthetic
(e.g., procaine or 2-chloroprocaine) or intermediate lipid-soluble
anesthetic (e.g., lidocaine or bupivacaine), then priority of fiber
blockade appeared to be C > A-� > A-� fibers.68 However, with
very lipid-soluble etidocaine, A-� fibers are blocked before C
fibers. Of the local anesthetics tested, 2-chloroprocaine produced
the greatest differential rate of block of peripheral nerve fibers,
and etidocaine produced the least. Mepivacaine appears to block

sensory and motor fibers at the same rate, and bupivacaine and
ropivacaine can produce selective sensory analgesia, with little or
no motor blockade.69–71

Brachial Plexus Infiltration
Deposition of local anesthetics to the brachial plexus of humans
has produced either equally fast anesthesia and paralysis by 1%
lidocaine or a more rapid motor blockade than sensory blockade
by 1% mepivacaine,72 0.5% bupivacaine, or 0.5% ropiva-
caine.73,74 Similarly, brachial plexus block in dogs produced
more rapid onset of motor block when compared with sensory
block after the administration of bupivacaine (0.375% with 5
Mg/mL epinephrine, 4 mg/kg) (9.7 vs. 26.2 min, mean values).75

This phenomenon has been explained by some authors by the so-
matotopical arrangement of nerve fibers such that the motor
fibers would be located at the periphery of the nerve trunk (man-
tle bundles) and the sensory fibers in the center (or core) (Fig.
14.3).72,76 Consequently, if sufficient analgesic drug is applied to
produce motor blockade, the diffusion of the analgesic or its
transport into the nerve by the local blood supply will first affect
the motor fibers. However, anatomical studies of the radial, me-
dian, and ulnar nerves in humans do not support this concept,
making the mechanism for the differential rate of brachial plexus
blockade controversial.77 Analgesia during brachial plexus block
in dogs lasted 11 ± 0.5 h in one study, but the relative rates of re-
covery of motor activity and sensation in dogs after brachial
plexus blockade have not been investigated.75

Differential Epidural and Spinal Blockade
In general, progression of epidural and spinal anesthesia is re-
lated to the diameter, myelination, and conduction velocity of af-
fected nerve fibers. Exposure of mixed-nerve trunks within the
spinal vertebral column to a sufficient concentration of an anal-
gesic drug might cause a loss of sensation in this order: pain, heat
and cold, touch, proprioception, and skeletal muscle tone. Re-
covery of sensation is expected to be in the reverse order.78

Autonomic small unmyelinated C fibers and myelinated B
fibers seem to be readily desensitized after epidural or spinal ad-
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Table 14.3. Classification of nerve fibers and order of blockade

Fiber Type

A-� A-� A-� A-� B C

Function Somatic motor Touch, pressure Proprioception Fast pain, Vasoconstriction, Slow pain, 
temperature preganglionic postganglionic

sympathetic sympathetic
polymodal 
nociceptors

Myelin Heavy Moderate Moderate Light Light None
Diameter (µM) 12–20 5–15 3–6 2–5 1–3 0.4–1.5
Priority of blockade a 5 a 4 a 3 a 2 a 1 b 2
Signs of blockade Loss of motor Loss of sensation Loss of proprio- Pain relief, loss Increased skin Pain relief, loss 

function to touch and ception of temperature temperature of temperature
pressure sensation sensation



ministration of local anesthetics. Spinal anesthesia is generally
characterized by preganglionic sympathetic nerve blockade (B
fibers) that extends further than sensory block (A-� fibers), and
sensory block extends further than somatic motor block (A-�
fibers).79

The relative importance of blockade of each class of fiber (A-
�, A-�, and C) for surgical anesthesia has been assessed by meas-
uring cutaneous perception thresholds in people. In this study, A-
�, A-�, and C fibers of the skin were stimulated at 2000, 250, and

5 Hz, and demonstrated differential block by the sequential re-
turn of sensation to touch (A-� function), then pinprick (A-�
function), and lastly cold (C-fiber function), respectively.80

Sensory anesthesia sufficient for surgery usually cannot be ob-
tained without motor impairment. Adequate sensory analgesia
with little or no motor blockade can be achieved with the
epidural administration of low concentrations of bupivacaine or
ropivacaine combined with opioids and/or �2-agonists. Epidural
blockade may be able to differentiate between sympathetic, so-
matic, and central pain in patients with chronic pain.

Factors Influencing Anesthetic Activity
A variety of factors can influence the quality of regional anesthe-
sia, including the local anesthetic dose, site of administration, ad-
ditives such as epinephrine or hyaluronidase, pH adjustment and
carbonation, baricity, temperature, mixtures of local anesthetics,
and pregnancy.

Dose of Local Anesthetic Agent
A greater dose (volume and/or concentration) will facilitate over-
all efficacy, thereby decreasing the delay of onset of action and
increasing both the likelihood of successful anesthesia and its
duration. The potential of systemic toxicity by inadvertent intra-
venous injection of an anesthetic,81 or neurotoxicity after inad-
vertent subarachnoid injection,82 precludes the routine adminis-
tration of larger doses of local anesthetic.

All local anesthetics can be neurotoxic, particularly in concen-
trations and doses larger than those used clinically. Large-scale
surveys, using histopathological, electrophysiological, behav-
ioral, and neuronal cell models, indicate that lidocaine and tetra-
caine seem to have a greater potential for neurotoxicity than does
bupivacaine at clinically relevant concentrations administered in-
trathecally (spinal).83

Volume of Local Anesthetic
Generally, a larger volume of local anesthetic will produce a
faster and denser block. An exception to this rule is articaine,
which readily penetrates tissues and produces anesthesia in ap-
proximately 2 min, irrespective of the volume injected. The ne-
cessity of a larger injected volume of anesthetic solution for a
high rate of complete sensory block can be minimized during ax-
illary plexus blocks in people84 and dogs75 if an adequate con-
centration of a local anesthetic agent (e.g., 1% mepivacaine or
0.375% bupivacaine) is precisely administered at multiple injec-
tion sites covering all major nerves of the brachial plexus.

Administration of large volumes (0.22 to 0.33 mL/kg) of bupi-
vacaine (0.75%), lidocaine (2%), or 2-chloroprocaine (3%) into
the subarachnoid space of sheep and monkeys has produced neu-
rological deficits and histological abnormalities of the spinal
cord, but no one local anesthetic was considered more neurotoxic
than another.82

Concentration of Local Anesthetic
A higher concentration of local anesthetic will also produce a
faster and denser block. Increasing the concentration of lidocaine
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Fig. 14.3. Somatosensory arrangement of nerve fibers in the trunk
of the brachial plexus of the dog. Nerve fibers in the mantle or periph-
eral bundles innervate primarily motor fibers of the proximal limb,
whereas nerve fibers in the core or center bundles innervate for the
most part the sensory fibers of the distal foot. The concentration gra-
dient that develops during initial diffusion of local anesthetic into the
nerve trunk causes onset of anesthesia to proceed from proximal to
distal. Recovery from anesthesia also proceeds from proximal to dis-
tal because of absorption of local anesthetic into the circulation sur-
rounding the nerve trunk.



and bupivacaine during phasic (“use dependent”) inhibition of
sodium currents increases the rate of binding but has no effect on
unbinding sodium channels.85 In general, the chance for success-
ful desensitization and anesthesia decreases when the concentra-
tion is lowered. One study suggests that lumbar epidural anesthe-
sia with 10 mL of 2% lidocaine in humans produces more intense
blockade of large-diameter and small-diameter sensory nerve
fibers than that with 20 mL of 1% lidocaine.86 Similarly, admin-
istration of 0.75% ropivacaine into the lumbar epidural space of
dogs produces a higher rate of complete anesthesia than does
0.5% ropivacaine of similar volume (0.22 mL/kg).87

Injection Site
In general, the fastest onset (within 3 to 5 min) and shortest du-
ration (1 h) of anesthesia is usually produced after subcutaneous
and intrathecal injections of 2% lidocaine or mepivacaine hy-
drochloride solution, followed in order of increasing onset time
for minor nerve blocks (5 to 10 min), major nerve blocks, and
epidural anesthesia (10 to 20 min).

Additives
Vasoconstrictors
As a general rule, the addition of a vasoconstrictor to a local
anesthetic agent, such as epinephrine, allows for decreased local
perfusion, delayed rate of vascular absorption of local anesthetic,
and therefore increased intensity and prolonged anesthetic activ-
ity. Lumbar epidural anesthesia, using 10 mL of 1% lidocaine
with epinephrine 1:200,000 produces a more intense block of
both large-diameter and small-diameter sensory nerve fibers than
that achieved with lidocaine alone.88

The usual concentration of epinephrine is 5 µg/mL or
1:200,000 (1 mg/200 mL of saline), which may be obtained by
adding 0.1 mL of 1:1000 (0.1 mg) epinephrine to 20 mL of local
anesthetic solution. Alternatively, 1:1000 epinephrine may be di-
luted with preservative-free normal saline. The maximum safe
concentration of epinephrine is 1:50,000; concentrations less
than 1:200,000 are less effective.

Market preparations of local anesthetics that contain epineph-
rine 1:200,000 have a lower pH (to retard oxidation) than do
plain solutions; for example, 2% lidocaine without and with epi-
nephrine 1:200,000 has a pH of 6.78 and 4.55; and 0.5% bupiva-
caine without and with epinephrine (1:200,000) has a pH of 6.04
and 3.73, respectively. The pH of solutions freshly prepared with
epinephrine is higher than the pH of commercial preparations
containing epinephrine; for example, the pH of 2% lidocaine and
0.5% bupivacaine with freshly added epinephrine 1:200,000 is
6.33 and 5.99, respectively. The low pH of the epinephrine prepa-
rations will potentially decrease the amount of free protonated
anesthetic base available for diffusion through the axonal mem-
brane, thereby slowing the onset of action.

Epinephrine effects depend on the injection site and the local
anesthetic, but, in general, it reduces the potential toxicity of
local anesthetics by causing vasoconstriction and thus preventing
higher blood concentrations.89 Epinephrine (1:200,000) reduces
the average anesthetic blood concentration in dogs given an
epidural injection of either 3 mL of 1% ropivacaine or 0.75%

bupivacaine at various time intervals, but not the time to achieve
maximal blood levels, and it does not alter onset or duration of
sensory or motor blockades produced by epidural ropivacaine
1% or bupivacaine 0.75% in dogs.90

Acidic epinephrine-containing local anesthetic solutions can
decrease the pH at the site of injection, depending on the buffer
demand of the injectate and the buffer capacity of the tissue.
Epinephrine should not be added to local anesthetics intended for
nerve blocks that have an erratic blood supply and for intra-
venous regional anesthesia with use of a tourniquet because it
can cause nerve ischemia and prolonged blockade. Epinephrine
often causes tissue necrosis along wound edges. Lidocaine, bupi-
vacaine, and etidocaine equally protect against epinephrine (5
µg/kg/min)-induced arrhythmias in dogs anesthetized with a 1.4
minimum alveolar concentration of halothane.91 Norepinephrine
and phenylephrine appear to have no clinical advantage over
epinephrine.

Hyaluronidase
This depolymerizes hyaluronic acid, the tissue cement or ground
substance of the mesenchyme, aiding in the local anesthetic
spread of an anesthetic agent.92 The addition of hyaluronidase
3.75 IU/mL to 2% lidocaine, 0.75% bupivacaine, or a 1:1 mixture
of 0.75% bupivacaine and 2% lidocaine is reported to improve 
the diffusion of local anesthetics, resulting in more effective
retrobulbar-peribulbar anesthesia and extraocular muscle akinesia
after retrobulbar injections.93,94 Increasing the concentration of
hyaluronidase to 7.5 IU/mL does not provide any further advan-
tage over 3.75 IU/mL. The increased permeability of tissues may
enhance systemic absorption (and toxicity) but shortens the dura-
tion of anesthetic effects because more drug is available in base
form. The addition of 5 IU of hyaluronidase/mL of 1% lidocaine
with 1:200,000 epinephrine solution in a standard dose and tech-
nique for ophthalmic surgery (2 mL as retrobulbar injection for
intraocular anesthesia, 2 mL for upper-eyelid anesthesia, and 4
mL for extraorbital facial nerve blockade) reportedly does not in-
crease the systemic absorption and cerebrospinal fluid (CSF) con-
centration of lidocaine in dogs.95 However, administration of
hyaluronidase does not seem to enhance the efficacy of newer
local anesthetics with improved spreading power (e.g., articaine
and ropivacaine). Administration of 2% articaine or 1% ropiva-
caine produces a faster onset of anesthesia and less pain on injec-
tion than does administration of 1% bupivacaine.42,96 Hyaluro-
nidase is a protein that cannot be heat sterilized.97

pH Adjustment and Carbonation
The pH of the local anesthetic solution affects the local distribu-
tion of the anesthetic. Extracellular increase of bicarbonate in-
creases the cross-membrane pH gradient, the intracellular con-
centration of the ionized local anesthetic, and local anesthetic
effects.

The addition of sodium bicarbonate to procaine, chloropro-
caine, mepivacaine, or lidocaine will shorten the onset of nerve
block, enhance the density of block, and prolong the duration of
block in isolated nerve preparations.98 This is likely because the
amount of nonionized base increases, which enhances diffusion
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of the local anesthetic through axonal membranes and ion trap-
ping due to the increased cross-membrane pH gradient.

The efficacy of alkalinization depends on the local anesthetic
and regional block techniques. The addition of sodium bicarbon-
ate for median nerve block in humans decreases the pain on in-
jection and increases the rate of onset of motor block, but has no
effect on duration of sensory anesthesia.99 Similarly, adjusting
the pH of 1% lidocaine or 0.25% bupivacaine with sodium bicar-
bonate to 7.4 has little effect on duration of anesthesia after in-
jection into the infraorbital area or abdominal musculature.100

In humans, alkalinization produces the best results with 2% li-
docaine and 0.5% bupivacaine for epidural block, with 2% lido-
caine for axillary brachial plexus block, and with 2% mepiva-
caine for sciatic and femoral nerve blocks.101 Bicarbonate has
minimal effects when added to ropivacaine.

Increasing the pH of lidocaine or mepivacaine from 4.5 to 7.2
by adding 1 mEq of sodium bicarbonate/10 mL of local anes-
thetic before injection has been shown to accelerate the onset of
epidural anesthesia in humans.102,103 A pH increase of 2% 2-
chloroprocaine from 7.1 to 7.7 with sodium bicarbonate acceler-
ates epidural anesthesia in humans, but a pH increase from 7.1 to
7.7 with tromethamine does not, indicating that factors other than
just pH are responsible for the more rapid onset of anesthesia.104

Local anesthetic solutions may deteriorate with time upon
addition of bicarbonate. Solutions of lidocaine and 2-
chloroprocaine readily alkalinize to near physiological pH with-
out precipitation. Mepivacaine 1.5% precipitates above neutral
pH within 20 min. Bupivacaine and etidocaine precipitate after
the addition of small amounts of sodium bicarbonate and cannot
be alkalinized to physiological pH.105 The mixtures should be
used within 20 min of their preparation.

The addition of carbon dioxide to lidocaine produces a more
rapid onset and better quality of epidural anesthesia in hu-
mans.106 Marketed solutions of carbonated lidocaine have an ad-
justed pH ranging from 6.35 to 6.9, and the PCO2 is 700 mm
Hg.102 Opening the vial lets the carbon dioxide escape, thereby
increasing the pH to above 7.0.

The use of carbonated lidocaine for epidural anesthesia in
horses did not demonstrate the theoretical expectations of in-
creased diffusion and faster onset of perineal anesthesia.107

Baricity
This is defined as the calculated ratio of the density of a solution
to the density of CSF. One of the most important physical prop-
erties affecting the spread of local anesthetic solutions and level
of analgesia achieved after intrathecal administration of a local
anesthetic is its density relative to the density of CSF at 37°C.108

Density is the weight of a unit volume of solution (grams per
milliliter) at a specific temperature, whereas the specific gravity
(SG) is the calculated ratio of the density of a solution (x) to the
known density of water (y), (SG = x/y). The density of a drug in
solution cannot be determined from a simple formula because it
depends on the physical state of that substance in solution.109

The density of intrathecal agents is usually compared with the
density of the CSF. At room temperature, most glucose-free
drugs are isobaric with respect to CSF, but as drugs warm to body

temperature they become relatively hypobaric. The densities of
2% lidocaine and 0.5% and 0.75% bupivacaine, for example, are
slightly less than that of normal range of CSF in humans and
therefore can be considered slightly hypobaric.110 The density of
0.2% tetracaine is the same as water (0.993 g/mL). Continued di-
lution of 0.75% bupivacaine with water produces increasingly
hypobaric solutions. The 0.075% bupivacaine (1:9 dilution) has a
density comparable to that of water (0.993 g/mL).111

Hypobaric solutions have a baricity less than that of CSF and
will migrate to nondependent areas during and immediately after
the injection. Glucose-free 0.5% bupivacaine acts as a hypobaric
solution, which produces a higher level of analgesia in the non-
dependent side compared with the dependent side in patients po-
sitioned laterally.112 The unpredictability of extent of spinal
block provided by spinal bupivacaine (0.5%) and tetracaine
(0.5%) in humans may be related to individual variations in CSF
densities.113 Humans with higher CSF densities demonstrate a
higher spinal block after administration of plain bupivacaine
(0.5%, 3 mL).114

Dextrose and hypertonic saline–containing local anesthetic so-
lutions (e.g., tetracaine in 10% glucose, and dibucaine in 5% hy-
perbaric saline) have a specific gravity greater than that of CSF.
They will migrate from the site of injection to dependent
areas.115 Hyperbaric solutions are created by combining local
anesthetics (e.g., 0.5% bupivacaine or 0.5% ropivacaine) with an
equal volume of 10% dextrose, producing final drug and dextrose
concentrations of 0.25% and 5%, respectively.116 Lidocaine
(1.5%) in 7.5% dextrose in water is clinically indistinguishable
from 5% lidocaine in 7.5% dextrose in water as a spinal anes-
thetic for lower abdominal surgery in humans.117

Local anesthetic agents and solvent solutions often contain
additives, which affect pH, osmolality, preservation, and vaso-
constriction, that may in turn alter the density and specific grav-
ity of the local anesthetic and, therefore, spread of spinal anes-
thesia.118 CSF pH and the addition of vasopressors (0.2 mg of
epinephrine or 2 mg of phenylephrine) minimally affect the
onset of spinal anesthesia with 10 mg of tetracaine and 1 mL of
10% dextrose. However, the addition of epinephrine or phenyle-
phrine at these doses prolonged spinal anesthesia by 53% and
72%, respectively.119

Temperature
The cooling of mammalian nerves in vitro slows the conduction
velocity and increases the susceptibility to local anesthetic inhibi-
tion of transmission.120 The potency of local anesthetics increases
in vitro and in vivo with cooling in some instances but not in oth-
ers. Inhibition of C fibers (as assessed by galvanic skin potentials)
is marginally faster when ice-cold lidocaine (1%) is used com-
pared with room-temperature lidocaine (1%) for median nerve
blocks in volunteers.121 Cooling of lidocaine increases its pKa
and the relative amount of the protonated (active) form within
lipid, thereby potentiating the anesthetic effect.122 On the other
hand, a decrease in temperature from 37° to 20°C decreases the
uptake of lidocaine in mammalian sciatic nerve by 45%. It is un-
likely that cooling of local anesthetics (5°C) before injection of
small volumes (5 mL) will be of any effect under clinical condi-
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tions because of rapid warming of the local anesthetic by the sur-
rounding tissue, preventing the nerve itself from growing cold.123

Pregnancy
This appears to increase the susceptibility of nerves to local anes-
thetics. Pregnant women with lidocaine (1%)-induced median
nerve block at the wrist have a greater decrease in sensory nerve
action potential than do nonpregnant women, indicating that
pregnancy increases median nerve susceptibility to lidocaine de-
sensitization.121 Similarly, isolated vagus nerves removed from
pregnant rabbits are more susceptible to bupivacaine-induced
conduction block than are nerve fibers from nonpregnant ani-
mals.124,125 Progesterone administration to nonpregnant rabbits
replicates the increased local anesthetic susceptibility of preg-
nancy. Distention of the lumbar epidural venous plexus during
pregnancy may displace the local anesthetic solution to more cra-

nial regions of the spinal canal. Therefore, to prevent excessive
cranial spread of anesthesia, a reduced dose of epidural and
spinal anesthetics during pregnancy is recommended.

Drug Disposition
Local anesthetics, as the name implies, are deposited at or near
the desired site of action. In general, local anesthetics are in-
jected near a nerve bundle. Intraneural injection is painful and
may cause nerve damage. The factors that determine the distri-
bution of local anesthetic near the injection site are illustrated in
Fig. 14.4. Most clinically used local anesthetics are weak bases
and are supplied as mildly acidic hydrochloride salts to improve
solubility and stability. In solution, local anesthetics exist as
nonionized base (B) and ionized cation (BH+). The nonionized
anesthetic (B) diffuses across the tissue barriers and into the ax-
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onal nerve membrane, where membrane stability and neural
blockade occur.1 Nonspecific binding of anesthetic in connec-
tive tissue, fat, and muscles and absorption of anesthetic into the
vascular and lymph systems reduce the mass (volume � concen-
tration) of the anesthetic available at the neural tissue. Once ab-
sorbed into the bloodstream, the local anesthetic is distributed to
the lungs, where a significant part (20% to 30%) is absorbed, de-
pending mainly on the physicochemical properties of the local
anesthetic.126,127 After back diffusion of the anesthetic from the
lung into the blood, the anesthetic is distributed to systemic tis-
sues (e.g., brain, heart, and liver) and is metabolized in the liver
to compounds that are primarily excreted by the kidney and bile.

Absorption
Systemic absorption of local anesthetics is determined primarily
by the drug dose (volume or concentration), duration of effect at
the site of action, vascularity of the injection site, and use of a
vasoconstrictor. Local anesthetic solutions generally are ineffec-
tive when applied to the intact skin.

Topical Application Products
Topical application of local anesthetics includes transdermal
patches, creams, and iontophoretic delivery systems. Propara-
caine is the topical local anesthetic most commonly used in vet-
erinary medicine.

After application of a lidocaine patch (Lidoderm; Endo Labo-
ratories, Chadds Ford, PA), a sufficient amount of 5% lidocaine
penetrates the human intact skin to produce analgesia in patients
with neuropathic pain associated with postherpetic neuralgia and
in patients with postthoracotomy and postmastectomy pain, but
less than the amount necessary to produce a complete sensory
block.128 A single patch (10 � 14-cm adhesive bandage) con-
tains 700 mg of lidocaine, which is used in a 12-h-on and 12-h-
off period to minimize systemic absorption.

The eutectic mixture of 2.5% lidocaine and 2.5% prilocaine
(EMLA Cream; Astra Pharmaceuticals, Wilmington, DE) con-
tains 25 mg of lidocaine and 25 mg of prilocaine per each gram
or milliliter, which has a sufficiently high concentration of readily
available anesthetic base and high water content to penetrate the
intact skin and produce reliable cutaneous anesthesia for a wide
range of applications in people (e.g., venipuncture in children, ra-
dial artery cannulation in adults, and laser treatment)129,130 and
for venipuncture in dogs, cats, rabbits, and rats.131 In humans, the
EMLA preparation is applied as a thick layer under an occlusive
dressing, and maximum depth of analgesia of approximately 5
mm is achieved for 30 min after a 90-min application and for a 60-
min period after a 120-min application of the cream.129 In gen-
eral, the depth of cutaneous analgesia in people ranges from 1 to
6 mm and is believed to be time dependent (1 to 4 h).132

Amethocaine cream 1 g (5% wt/wt) applied for 30 or 60 min on
the dorsum of the hand produces good analgesia for venous can-
nulation similar to analgesia produced by 5% EMLA Cream (2.5
g) applied for 30 or 60 min.133 In comparison to the gel prepara-
tion, a 30-min application of the amethocaine-patch system pro-
vides profound topical anesthesia of human skin that lasts longer
than a 60-min application of EMLA (3 to 6 h vs. 20 min).134

ELA-Max Cream (Ferndale Laboratories, Ferndale, MI) is de-
signed to produce analgesia of the skin to reduce venipuncture
pain in 20 to 30 min in children without the use of an occlusive
dressing. The preparation contains 4% lidocaine, which is lipo-
some encapsulated to enable fast penetration into the stratum
corneum. It remains in the epidermis after absorption and mini-
mizes the rapid metabolism of lidocaine.135 ELA-Max Cream
lacks the active ingredient of prilocaine (EMLA Cream), which
has been associated with methemoglobinemia in infants.128,135

ELA-Max Cream may be more suitable for use in cats, which are
susceptible to methemoglobin formation.136

Numby Stuff patches (Iomed; Salt Lake City, UT), which con-
sist of 2% lidocaine and 1:100,000 epinephrine, are percuta-
neously administered through iontophoretic drug administration
by using a battery generator to deliver small electrical current (4
mA) through two small electrodes.137,138 Each application device
delivers 1 mL of the anesthetic to a depth up to 10 mm in 10 min,
giving a transient blanching and tingling of the skin.138

Transdermal local anesthesia by iontophoresis, but not EMLA,
reduces the pain of intravenous injection of hyperosmolar saline,
whereas venipuncture is painless with both methods.139 The
technique involves the use 0.5 mL of lidocaine (2% to 4%) with
or without epinephrine 1:50,000 and a current intensity of 0.1 to
0.2 mA/cm2 at the anode and placement of the cathode on the
dorsal surface of the forearm for 10 min.

Although veterinary applications of Lidoderm patches, ELA-
Max Cream, Numby Stuff patches, and transdermal local anes-
thesia by iontophoresis have been minimal, potential uses in-
clude local analgesia for small-wound repair, venipuncture, or
catheter placement (intravenous and epidural).

Distribution
Local distribution of local anesthetic at the injection site depends
on the volume of local anesthetic injected, inclusion of a vaso-
constrictor or hyaluronidase in the local anesthetic solution, and
the specific drug employed. The specific gravity (baricity) of the
solution relative to the specific gravity of the CSF influences dis-
tribution within the CNS.

The distribution of amino-ester local anesthetics (e.g., pro-
caine, chloroprocaine, and tetracaine) in body tissues is limited
because of their rapid enzymatic hydrolysis by nonspecific
plasma pseudocholinesterases. Amide-type local anesthetics
(e.g., lidocaine, mepivacaine, prilocaine, bupivacaine, levobupi-
vacaine, etidocaine, and ropivacaine) are widely distributed in
the body after intravenous bolus injection or a fast rate of vascu-
lar absorption. Their pharmacokinetic properties are usually de-
scribed by a two- or three-compartment model.140,141

Plasma Protein Binding
The plasma protein binding of local anesthetic drugs refers to the
mode by which drugs are transported in the blood. It has a signif-
icant effect on numerous aspects of clinical pharmacokinetics
and pharmacodynamics.142 In blood, all amide-linked local anes-
thetics are partially protein bound, primarily to �1-acid glycopro-
tein (AAG) and, to a lesser extent, to albumin32,141,143 In general,
the protein binding of local anesthetics is positively correlated
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with the degree of ionization in the physiological pH range and
the drug’s potency. Plasma protein binding of local anesthetics
ranges from 6% for the least potent and short-acting procaine to
95% for the more potent and longer-persisting bupivacaine, eti-
docaine, and ropivacaine (Table 14.2). Plasma protein binding
for articaine and its metabolite articainic acid is between 57%
and 90% (average 65%), and the resultant half-lives of the sub-
stances are between 1 and 3.9 h.41

The free drug concentration in plasma, but not the protein-
bound concentration of drug, governs tissue concentrations. The
effect of serum protein binding on lidocaine distribution into the
brain and CNS in dogs after intravenous lidocaine administration
indicates that the free or unbound fraction of lidocaine is an im-
portant determinant of lidocaine entry into the brain and CSF.144

Protein binding of lidocaine in dogs that receive a loading dose
(2 mg/kg) and a maintenance infusion (50 µg/kg/h) of lidocaine
is associated with increased protein binding and only slight in-
creases of free plasma concentrations of lidocaine.145

In dogs, the concentration of lidocaine bound to AAG varies
considerably, and it is higher in dogs with inflammatory disease
than in healthy dogs.146 Studies in normal subjects and patients
with myocardial infarction, renal disease, hepatic failure, and in
patients that are receiving antiepileptic drug therapy, demonstrate
a good relationship between the AAG concentration and the
binding ratio for lidocaine.147

Local anesthetic protein binding approaches saturation only at
very high drug concentrations, primarily after prolonged infusion
of a long-acting local anesthetic (e.g., ropivacaine or levobupiva-
caine) and local anesthetic-opioid combination to provide pro-
longed postoperative analgesia. The slow rise in total plasma
concentration with increasing duration of infusion of ropivacaine
and levobupivacaine appears to be the predominant reason for
rare complications related to systemic toxicity produced by these
drugs.37

Biotransformation and Excretion
The liver and lungs are major sites for plasma clearance of local
anesthetics. Metabolism converts relatively lipid-soluble local
anesthetics into smaller, more water-soluble agents.

For esters, the primary step is ester hydrolysis, catalyzed by
nonspecific plasma cholinesterases. The rate of plasma hydroly-
sis is rapid, yielding half-lives measured in seconds, and is in-
versely related to toxicity (chloroprocaine [most rapid] > pro-
caine > tetracaine [least rapid]).32,143

Procaine and benzocaine are metabolized to paraaminoben-
zoic acid (PABA),148,149 a breakdown product responsible for al-
lergic reactions and anaphylaxis in some human patients. The
majority of the PABA is excreted unchanged or as conjugated
product in the urine.32 Chloroprocaine and tetracaine are metab-
olized similarly, but not to PABA.

Cocaine is an atypical ester in that it undergoes either ester hy-
drolysis or N-demethylation to norcocaine and then ester hydrol-
ysis and significant hepatic metabolism and urinary excretion.
Cocaine is rarely used in veterinary medicine, although it can be
abused for stimulation of horses before a race. An intravenous
dose of above 0.04 mg/kg increases spontaneous locomotor ac-

tivity of horses,150 whereas 200 mg of intravenous cocaine to
adult horses undergoing an increased treadmill exercise in-
creased the time to exhaustion by 92 s (15%).151

Ester metabolism can, theoretically, be slowed by reduced
cholinesterase activity during pregnancy and long-term choline-
sterase inhibition via poisons, thereby prolonging the clearance
of ester anesthetics and increasing the potential for toxicity.

The amino-amide local anesthetics undergo nearly exclusive
metabolism by the liver and hepatic degradation, which requires
conjugation with glucuronic acid.25 Cats glucuronidate drugs to
a lesser extent than dogs, making cats more prone to develop
toxic side effects when given amide local anesthetics.25 Little
(<5%) of these agents is excreted unchanged in urine.

The order of clearance of amides is prilocaine (most rapid) >
etidocaine > lidocaine > mepivacaine or ropivacaine > bupiva-
caine (least rapid). Lidocaine undergoes oxidative N-dealkylation
by cytochrome P450IIIA4.32,143 Mepivacaine, etidocaine, bupi-
vacaine, and ropivacaine also undergo N-dealkylation and hy-
droxylation. They are further conjugated with glucuronide before
they are excreted from the body via the urine or bile. Prilocaine
undergoes hydrolysis to o-toluidine, a compound that can oxidize
hemoglobin to methemoglobin.32,143

Since all amide local anesthetics are metabolized by the liver,
drug clearance is highly dependent on hepatic blood flow, he-
patic extraction, and enzyme function. Clearance of amide local
anesthetics can be reduced or prolonged by factors that decrease
hepatic blood flow, such as �-adrenergic or H2-receptor blockers,
by hypotension during regional and general anesthesia, or by
heart or liver failure.32,143

Local Anesthetic Toxicity
When careful technique and appropriate dose are used, local
anesthetics are relatively free of harmful side effects. However,
as with any pharmacological agents, local anesthetics may cause
severe toxic reactions after unintentional intravenous administra-
tion,35 vascular absorption of an excessive dose (large volume or
high concentration) of the local anesthetic agent,152 or ingestion
of topical local anesthetic preparations.153

Doses of local anesthetics, especially those for cats and small
dogs, should always be carefully calculated and reduced in sick
animals. For example, in healthy dogs and cats, the dose of lido-
caine should not exceed 12 and 6 mg/kg, respectively, to prevent
toxicity. Repeated applications, the application of higher than the
recommended doses, or impaired elimination may all contribute
to increasing blood concentration of local anesthetics. Potential
damage may also occur from chemical contamination of the local
anesthetic solution, allergic reactions, or methemoglobinemia, or
from neural ischemia produced by local pressure or hypotension.
The systemic toxicity of local anesthetics involves primarily al-
terations in the CNS and the cardiovascular system.

Central Nervous System Toxicity
In general, toxic and lethal doses of local anesthetic drugs pro-
duce signs of CNS excitation leading ultimately to convulsive ac-
tivity followed by CNS depression (unconsciousness and coma)
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with eventual respiratory arrest and cardiovascular collapse.10

Acute CNS toxicity occurs at lower doses than those required to
produce acute cardiovascular system toxicity.

As the plasma concentration of the drug increases, humans ex-
perience a predictable sequence of signs and symptoms, such as
numbness of tongue, light-headedness, visual disturbance, mus-
cle twitching, unconsciousness, and convulsions, which may
progress to coma, respiratory arrest, cardiovascular depression,
and death (Fig. 14.5). The seizure frequency and accompanying
cardiovascular changes in patients undergoing various regional
block techniques (e.g., brachial plexus block or epidural and cau-
dal regional anesthesia) have been reviewed, indicating a rate of
seizure development with caudal > brachial > epidural anesthet-
ics and no adverse cardiovascular, pulmonary, or nervous system
events occurring with seizures.154

In small animals, low concentrations of local anesthetics pro-
duce sedation, whereas higher concentrations produce seizures,
probably because of selective depression of inhibitory fibers in
the subcortical area (amygdala), with subsequent spread, leading
to grand mal seizures. Muscle twitching and convulsions are usu-
ally the first signs of local anesthetic toxicity observed in dogs
and cats. More potent local anesthetics consistently produce
seizures at lower blood concentrations and lower doses than do
the less potent local anesthetics.

In awake dogs, the mean cumulative dose of serially and rap-
idly administered intravenous local anesthetics to produce con-
vulsions is 4.0 mg/kg tetracaine, 5.0 mg/kg bupivacaine, 8.0
mg/kg etidocaine, and 22 mg/kg lidocaine, indicating a relative
CNS toxicity of tetracaine, bupivacaine, etidocaine, and lido-
caine of about 1:1.2:2:4.81

In cats, procaine (the least potent CNS depressant, less lipid
soluble and less protein bound) produces seizures at 35 mg/kg in-
travenously (IV), whereas bupivacaine (one of the most potent

CNS depressants, highly lipid soluble and highly protein bound)
induces convulsions at approximately 5 mg/kg IV.155,156

Intravenously administered lidocaine at a dose of 11.7 ± 4.6
mg/kg causes seizures in cats.157 Increased arterial PCO2 (68 to
81 mm Hg) and decreased pH reportedly decrease the convulsive
dose of procaine, lidocaine, and bupivacaine by approximately
50% in cats.155

Horses are reported to be more sensitive to the CNS toxicity of
lidocaine than other species, although the mechanism of this in-
creased sensitivity is not known. Seizures in horses may occur at
plasma levels of 600 ng of procaine/mL158 and 6.0 µg of lido-
caine/mL,159 respectively, and usually are brief because of rapid
redistribution. Such concentrations are not readily achieved with
careful local and regional anesthetic techniques; for example, the
procaine plasma concentration can reach 400 ng/mL within 1 h
after subcutaneous injection of 3.3 mg of procaine/kg of horse
body weight, whereas the lidocaine plasma concentration ap-
proaches 3.5 µg/mL approximately 15 min after a flank “line
block” using 10 mg of lidocaine/kg of body weight.

The toxic effects of local anesthetics within the CNS are en-
hanced by increased cerebral blood flow, by increased concentra-
tion of ionized drug in the brain, or by the direct excitatory effect
on subcortical structures.

Cardiovascular Toxicity
Since an alarming editorial in 1979 about cardiac arrest in hu-
mans following regional anesthesia with etidocaine and bupiva-
caine,160 ropivacaine and, recently, levobupivacaine were devel-
oped as alternative long-acting amide local anesthetics with less
potential for cardiovascular toxicity.161–166

Local anesthetic cardiovascular toxicity may result from direct
electrophysiological and mechanical effects on the heart or the
peripheral circulation and from local anesthetic actions on the
autonomic nervous system. The use of lower concentrations can
result in CNS excitation, with increased heart rate, arterial blood
pressure, pulmonary artery pressure, and cardiac output. With
larger toxic blood concentrations, the systemic effects are char-
acterized by decreased heart rate, arterial blood pressure, pul-
monary artery pressure, and cardiac output.167,168

Results from animal studies demonstrate increased systemic
toxicity associated with bupivacaine and etidocaine as compared
with lidocaine, the most extreme of which include severe CNS
and cardiovascular reactions, eventually leading to hemodynamic
instability, cardiovascular collapse, and death. In intact, venti-
lated dogs anesthetized with pentobarbital, minimal changes in
various cardiovascular functions are seen with lidocaine, mepiva-
caine, prilocaine, bupivacaine, and etidocaine at doses of 0.3 to 3
mg/kg. At 10 mg/kg, lidocaine, mepivacaine, and prilocaine pro-
duce moderate hypotension and increased pulmonary vascular
resistance, and bupivacaine and etidocaine produce significant
decreases in cardiac output and stroke volume.81 Irreversible car-
diovascular depression is not produced with lidocaine, bupiva-
caine, etidocaine, or tetracaine in ventilated dogs anesthetized
with pentobarbital, until the blood concentration is at least 3.5 to
6.7 times the dose producing seizures.81 However, in humans and
animals, both bupivacaine and etidocaine administration have
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produced simultaneous CNS and cardiovascular toxicity mani-
fested as severe cardiac dysrhythmia, fibrillation, and cardiac ar-
rest.32,160,168,169

In another study of pentobarbital-anesthetized dogs, the intra-
venous administration of bupivacaine (4 mg/kg) or etidocaine (8
mg/kg) depressed electrophysiological and hemodynamic func-
tion; lidocaine (16 mg/kg) induced bradycardia and arterial hy-
potension, whereas mepivacaine (12 mg/kg) induced minimal
cardiovascular changes.170 The cumulative lethal dose varies
from approximately 80 mg/kg for lidocaine and mepivacaine to
40 mg/kg for etidocaine and 20 mg/kg for bupivacaine in venti-
lated dogs anesthetized with pentobarbital.171 Direct injection of
equipotent doses of 2% lidocaine (8 mg) or 0.5% bupivacaine (2
mg) in a 4:1 ratio into a branch of the left coronary artery in mor-
phine (2.5 mg/kg subcutaneously) + �-chloralose (10 mg/kg/h
IV)–anesthetized and ventilated dogs produced a 50% reduction
of systolic contraction that lasted 25% longer after bupivacaine
than after lidocaine injection.172

When a comparable prolongation of the QRS interval (as a
measure of electrophysiological toxicity) was recorded in
pentobarbital-anesthetized pigs after injection of 2 mg of bupiva-
caine, 4.5 mg of ropivacaine, or 30 mg of lidocaine into the left
anterior descending coronary artery, the electrophysiological tox-
icity ratio for bupivacaine-ropivacaine-lidocaine was 15:6.7:1.173

Thus, ropivacaine appears to provide a much greater margin of
safety than does bupivacaine.

In sheep, the mean fatal dose of intravenous lidocaine is 30.8
± 5.8 mg/kg, that of bupivacaine is 3.7 ± 1.1 mg/kg, and that of
ropivacaine is 7.3 ± 1.0 mg/kg; thus the ratio of fatal doses of li-
docaine, bupivacaine, and ropivacaine is approximately 9:1:2.174

Respiratory depression with bradycardia and hypotension with-
out arrhythmias were the causes of death in lidocaine-treated
sheep, whereas most bupivacaine-treated or ropivacaine-treated
sheep died after sudden onset of ventricular tachycardia and fib-
rillation. Not surprisingly, the cardiotoxicity of lidocaine and
bupivacaine in awake, unanesthetized sheep is enhanced by hy-
percarbia, acidosis, and hypoxia.175

Local anesthetics bind and inhibit cardiac sodium chan-
nels.168,176 Bupivacaine binds more readily and for a longer
duration to cardiac sodium channels than does lidocaine.177 The
bupivacaine S�(�) isomer binds cardiac sodium channels less
readily than does the R�(+) isomer, forming the basis for the
development of levobupivacaine and ropivacaine.37 In vitro
studies of guinea pig hearts (Langendorff model) indicate that
R�(+) bupivacaine, based on intracardiac distribution, prolongs
atrioventricular (AV) conduction more and produces more sec-
ond-degree AV conduction blocks than does S�(�) or race-
mic bupivacaine.178 Similarly, S�(�) bupivacaine produces 
less QRS widening and fewer AV conduction blocks, less ven-
tricular fibrillation, and less asystole in paced rabbit hearts than
does R�(+) or racemic bupivacaine.179 Comparative effects of
equal concentrations of bupivacaine, levobupivacaine, and ropi-
vacaine in electrically paced rabbit hearts (210 beats/min) in-
dicate that the free concentration of the three drugs necessary 
to double the basal QRS duration is 2.4, 7.2, and 14.4 µg/mL 

for race-mic bupivacaine, levobupivacaine, and ropivacaine, re-
spectively.180

Toxicosis After Ingestion or Application of
Topical Preparations
Topical local anesthetic preparations containing lidocaine, ben-
zocaine, tetracaine, and dibucaine, which are in many prescrip-
tion and nonprescription products, such as ointments, teething
gels, suppositories, and aerosols, can be hazardous to animals if
ingested. Ingestion of topical benzocaine preparations or spray
before endotracheal intubation has produced varying degrees of
vomiting, cyanosis, dyspnea, respiratory depression, prolonged
sedation, hypotension, cardiac arrhythmias, tremors, seizures,
and death in dogs and cats. Likewise, digestion of ointments and
creams containing 0.5% and 1.0% dibucaine hydrochloride,
which may not be considered dangerous by pet owners, has pro-
duced salivation, vomiting, hypothermia, bradycardia, hypoten-
sion, weakness, seizures, dysrhythmia, and death in dogs and
cats. Between 1995 and 1999 the National Animal Poison Con-
trol Center (NAPCC) recorded over 70 cases of toxicosis induced
by either ingestion or the inappropriate use of lidocaine, benzo-
caine, or dibucaine in a variety of animals, including dogs, cats,
and ferrets. The clinical signs in a variety of animal species, in-
cluding dogs, cats, and ferrets, with lidocaine and dibucaine tox-
icosis included salivation, vomiting, hypothermia, depression,
tremors, weakness, bradycardia, hypotension, and seizures.153

Local Toxicity
Neurotoxicity
When properly used, local anesthetics rarely produce neurotoxic
effects or localized tissue damage. Neurotoxicity of local anes-
thetics can be demonstrated in vitro by the collapse of growth
cones and neuritis in cultured neurons.181 Comparison of seven
local anesthetics in a study on growing neurons of the freshwater
snail demonstrates neurotoxicity in this order: procaine = mepi-
vacaine (least neurotoxic) < ropivacaine = bupivacaine < lido-
caine < tetracaine < dibucaine (most neurotoxic). Similarly,
mepivacaine also induced less growth cone collapse and neurite
degeneration in the growing dorsal root ganglion neurons from
chick embryos than did lidocaine, bupivacaine, or ropivacaine,
indicating that mepivacaine is the safest among clinically used
local anesthetics.182

During the 1980s, 2-chloroprocaine (Nesacaine) occasionally
produced cauda equina syndrome in people when large doses
(formulated with the antioxidant sodium metabisulfite at an
acidic pH) were accidentally injected into the subarachnoid
space.32,183–185 Experiments with sheep and monkeys document
that a large volume (10 mL) of subarachnoid administration of 2-
chloroprocaine (3%), bupivacaine (0.75%), or the carrier solution
of 2-chloroprocaine (Nesacaine) is neurotoxic and that no local
anesthetic appears to be more toxic than another when injected in
large volumes into the subarachnoid space of sheep and mon-
keys.186 The large doses and volumes of local anesthetics simu-
late the clinical reality of accidental spinal anesthesia when
epidural anesthesia is intended.
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Several studies have been completed since then to evaluate the
potential neurotoxicity of repeated injections or continuous infu-
sions of local anesthetics in laboratory animals in situ and vitro.
Experiments using surgically exposed vagus nerves in rabbits
bathed in situ for up to 1 h in 1.5% 2-chloroprocaine, 2% lido-
caine, or 0.75% bupivacaine indicate that 2-chloroprocaine is
more neurotoxic than either lidocaine or bupivacaine.187

Histological sections of nerves excised 10 to 12 days after 
drug exposure revealed epineurial cellular infiltration and fibro-
sis, perineurial fibrosis, and axonal degeneration following 
the administration of 2-chloroprocaine or a mixture of 2-
chloroprocaine and bupivacaine, and only minor pathology fol-
lowing exposure to lidocaine or bupivacaine.

Controversy exists about whether lidocaine produces persist-
ing sacral deficits and whether it may be associated with an ex-
cessive incidence of transient radicular irritation after spinal
anesthesia in humans.188 Solutions of 5% lidocaine and 0.5%
tetracaine, unlike other spinal local anesthetic solutions (1.5% li-
docaine with or without 7.5% dextrose, or 0.75% bupivacaine
without dextrose), have been associated with clinical cases of
cauda equina syndrome after continuous spinal anesthesia. These
solutions cause irreversible conduction block in desheathed am-
phibian nerves 15 min after exposure to 5% lidocaine or 0.5%
tetracaine.189 Neurotoxic effects, including paralysis, have been
produced after subarachnoid infusion of 100 µL/h of 1.5% lido-
caine, 0.5% bupivacaine, or 2% 2-chloroprocaine in rats. The in-
cidence of paralysis depended on the duration of exposure to the
local anesthetic and was more intense in rats receiving lidocaine
or 2-chloroprocaine than those infused with bupivacaine.190

Myotoxicity
All clinically used local anesthetics are myotoxic, with a drug-
specific and dose-dependent rate of toxicity that worsens with se-
rial or continuous administration.191 Some reports indicate that
single and repeated injections of clinical doses of mepivacaine
(Carbocaine)192 or bupivacaine (Marcaine)193 produce skeletal
muscle damage in rats. With 200 µL of local anesthetic (1% pro-
caine, 0.2% tetracaine, 0.5% lidocaine, 0.75% bupivacaine, 2%
chloroprocaine, 0.25% dibucaine, and 0.5% lidocaine with
1:200,000 epinephrine, and 2% piperocaine) injected into the tib-
ialis anterior muscle of rats, the muscle fibers recovered from the
initial damage in 30 days, with relatively few long-term residual
effects.194

The administration of 20 mL of bupivacaine (5 mg/mL) or
ropivacaine (7.5 mg/mL) via catheter to the femoral nerve of
minipigs, and subsequent continuous infusion of bupivacaine
(2.5 mg/mL) or ropivacaine (3.75 mg/mL) over 6 h, induced
necrosis and apoptosis in muscle fibers with bupivacaine and less
severe fiber injury with ropivacaine, without affecting vascula-
ture, neural structures, and connective tissues.195 The administra-
tion of bupivacaine and ropivacaine induces Ca2+ release of the
sarcoplasmic reticulum and simultaneously inhibits Ca2+ reup-
take into the sarcoplasmic reticulum, suggesting that these syner-
gistic effects may be an important mechanism in bupivacaine and
ropivacaine’s observed myotoxicity.195

Although skeletal muscle damage from local anesthetics is not
a major clinical problem, case reports have been published of
local anesthetic-induced myotoxicity in humans after local and
regional anesthesia, peripheral nerve blocks, retrobulbar injec-
tions, and trigger-point infiltration for treatment of myofascial
pain.191

Methemoglobinemia
Methemoglobinemia (MHG) or increased concentration of
methemoglobin (MHb) in the blood is defined as an altered state
of hemoglobin whereby the ferrous form of iron (Fe2+) is oxi-
dized to the ferric state (Fe3+), which increases oxygen affinity
for hemoglobin (as seen with MHG) and reduces oxygen release
at tissues.196 In addition, oxidative denaturation of hemoglobin
can cause Heinz-body formation, which can lead to erythrocyte
lysis. MHG can cause hypoxia, cyanosis, or even death.

A number of local anesthetic agents, most notably benzocaine
and prilocaine, and less often procaine and lidocaine, are impli-
cated as causative agents. Benzocaine induces MHG in several
species, whereas lidocaine may increase MHG in cats and peo-
ple.197 It appears that these agents do not directly produce MHG,
but rather that one of their metabolites, i.e., o-toluidine, is
responsible.

An intense chocolate brown–colored blood and central
cyanosis unresponsive to the administration of 100% oxygen
suggest the diagnosis of MHG. MHb concentrations of 15% or
more cause a brown discoloration to the blood, which is visible
on a white paper towel. Laboratory confirmation is by blood
cooximetry, indicating an MHb concentration of greater than
15% (1% to 2% is normal). Spectrophotometry for quantitating
the percentage of MHb may be available in a local human hospi-
tal laboratory. Blood smears can be useful in determining the
presence and degree of Heinz-body formation.

The clinical consequences of MHG are related to the blood
concentration of MHb. In humans, dyspnea, nausea, and tachy-
cardia occur at an MHb concentration of > 30%, whereas
lethargy, stupor, and deteriorating consciousness occur as the
MHb concentration approaches 55%.198 Acquired toxic MHG
has been induced with benzocaine topical anesthetics (spray,
cream, and ointment), which were used for bronchoscopic proce-
dures,199 transesophageal echocardiography,200 fiberoptic orotra-
cheal intubation, and skin application.201 Peak MHb concentra-
tions were directly related to the total dose of benzocaine or
prilocaine administered and did not occur until 4 to 8 h after
epidural administration of prilocaine.202

MHG has been induced by the nasal, oropharyngeal, and der-
mal applications of benzocaine in sheep,203 dogs, and cats.204–206

A 2-s spray of benzocaine (estimated dose, 56 mg) to the mucous
membranes of the nasopharynx of dogs, cats, monkeys, rabbits,
and miniature pigs produces MHb concentrations, ranging from
3.5% to 38%, 15 to 60 min after drug administration.191 A 2-s
benzocaine dose and a 10-s dose produce MHb up to 26.4 and
50.5%, respectively, in sheep.197

Benzocaine is combined with butamben and tetracaine in a
topical anesthetic spray (Cetacaine) that has been commonly
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used to desensitize the larynx before intubation.201 Cats are well
recognized to be at an increased risk for developing MHG and
Heinz-body anemia with benzocaine-containing products, in-
cluding Cetacaine. Because of the susceptibility of cats, ferrets,
or other exotic animals to MHG, the topical use of Cetacaine
should be avoided in these species.

Allergic Reactions
Although allergic reactions to local anesthetics may occur, they
are uncommon and often misdiagnosed after accidental intra-
venous injection of local anesthetics. True anaphylaxis or life-
threatening allergic immune reaction is mediated by immunospe-
cific antibodies (immunoglobulins E or G) that interact with mast
cells, basophils, or the complement system to liberate vasoactive
mediators and recruit other inflammatory cells. Such reactions
have been documented with amino-ester local anesthetics (e.g.,
procaine), particularly those that are metabolized directly to
PABA, which is a common allergen. Anaphylaxis to amide local
anesthetics (e.g., lidocaine) is much less common.207 Some reac-
tion may result from hypersensitivity to a preservative (e.g.,
methylparaben, whose chemical structure is similar to that of
PABA). Allergic reactions of dogs and cats treated with amide-
linked local anesthetics are very rare, which is probably because
of their different metabolism and breakdown products when com-
pared with humans.

Adverse drug reactions may mimic anaphylaxis, characterized
by bronchospasm, upper-airway edema, vasodilatation, increased
capillary permeability, and cutaneous wheal and flare. Rapid car-
diopulmonary intervention with airway maintenance, epineph-
rine administration, and volume expansion is essential to avoid a
fatal outcome. Patients with local anesthetic allergy can have
their skin tested to determine nonreactive agents.

Treatment of Adverse Reactions
Treatment of adverse reactions after administration of local anes-
thetics depends on an animal’s presenting signs, and involves sta-
bilizing, decontaminating, and supporting the patient.

When local anesthetic-induced convulsions occur, hypoxia,
hypercarbia, and acidosis develop rapidly.208 Because these
metabolic changes greatly increase the toxicity of local anesthet-
ics,175,209,210 prompt therapy with oxygen administration by
mask to a dyspneic patient and supporting ventilation (e.g., endo-
tracheal intubation, oxygen supplementation, and positive-pres-
sure ventilation) is indicated.211

The administration of oxygen by mask and intravenous fluids
are often all that is necessary to treat mild signs of local anes-
thetic toxicity, including mild seizures.212 Anticonvulsant drug
therapy is indicated if seizure activity interferes with ventilation
or is prolonged. Diazepam or midazolam can be given intra-
venously in dogs and cats at 0.5 to 1 mg/kg in increments of 5 to
10 mg to effect, with minimal side effects. Thiopental or propo-
fol (1 to 2 mg/kg IV) acts more rapidly but may produce greater
cardiorespiratory depression than that produced with benzodi-
azepine therapy.213,214

Acute hypotension may be treated with intravenous fluids (10

mL/kg/h) and vasopressors (phenylephrine, 0.5 to 5.0 µg/kg/min,
or norepinephrine, 0.02 to 0.2 µg/kg/min). Hemoglobin-based
oxygen carriers (HBOCs), such as HBOC 301 (Oxyglobin) or
HBOC 201 (Hemopure and Biopure) (Biopure, Cambridge,
MA), are polymerized bovine hemoglobin glutamers that provide
a most effective colloid, similar to plasma, and oxygen-carrying
effect.215,216 Oxyglobin can be a good substitute for stored blood,
which may not always be available. Severely hypotensive dogs
and cats with obvious severe blood loss (>30 mL/kg in dogs, 15
mL/kg in cats) and those that continue to be dyspneic despite
oxygen therapy may rapidly improve from an initial Oxyglobin
bolus (4 to 6 mL/kg in dogs, and 2 to 3 mL/kg in cats) as a stop-
gap measure to prevent cardiovascular collapse. A one-time in-
travenous dose of 30 mL/kg Oxyglobin at a rate of 10 mL/kg/h
may be given to hypotensive dogs to increase arterial pressure
and flow. Every 10 mL of Oxyglobin infused contains 1.3 g 
of HBOC. Caution must be exercised to avoid intravascular vol-
ume overload, which can produce pulmonary edema, pleural ef-
fusion, mucous membrane discoloration, pigmenturia, vomiting,
and neurological abnormalities, particularly in small dogs and
cats.215

An intravenous bolus of epinephrine (1 to 15 µg/kg) may be
required in presence of myocardial failure. Guidelines for car-
diopulmonary resuscitation should be followed when toxicity
progresses to cardiac arrest. Animal studies suggest that lido-
caine intoxication causes myocardial depression that can be
successfully treated with continued advanced cardiac life sup-
port.217 In contrast, cardiotoxic effects in anesthetized dogs
associated with incremental overdosage of bupivacaine, lev-
obupivacaine, or ropivacaine are not as easily treated by resus-
citation efforts. The administration of epinephrine may lead to
severe arrhythmias, including ventricular fibrillation, with a sub-
sequent mortality rate from bupivacaine, levobupivacaine, ropi-
vacaine, and lidocaine of approximately 50%, 30%, 10%, and
0%, respectively.217

Even though the risk of cardiovascular toxicity of ropivacaine
has not been completely eliminated, ropivacaine may offer clear
advantages over bupivacaine, in that ropivacaine accumulates
less sodium-channel blockade at physiological heart rates, disso-
ciates from sodium channels more rapidly, is less cardiotoxic,
and is more susceptible to treatment than is bupivacaine.218,219

Ventricular dysrhythmias, including life-threatening ventricu-
lar tachycardia associated with local anesthetic toxicity in dogs,
have been treated with bretylium tosylate (2 to 6 mg/kg
IV).220,221 Procainamide and quinidine may be effective treat-
ments for ventricular antiarrhythmias in dogs and cats. Lidocaine
is generally contraindicated in patients with amide local anes-
thetic toxicity.

MHG is easily treated and rapidly reduced to hemoglobin by
slow (over several minutes) intravenous administration of a 1%
solution of methylene blue (methylthioninium chloride, 4 mg/kg
in dogs and 1 to 2 mg/kg in cats).198 The dose can be repeated in
dogs, but repeated administration of methylene blue in cats is
controversial because of the risk of Heinz-body anemia and the
aggravation of subsequent hemolysis without further lowering
MHb content.222
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Tachyphylaxis
Tachyphylaxis, or the acute tolerance to local anesthetic agents,
is defined as decreases in intensity, segmental spread, or duration
after repeated administration of equal doses of an anesthetic.
Various ester-amide–type local anesthetics (e.g., cocaine, pro-
caine, and tetracaine) and amide-type local anesthetics (e.g., li-
docaine, lidocaine–carbon dioxide, mepivacaine, bupivacaine,
etidocaine, and dibucaine) have been used at increasing doses to
maintain a similar level of effect during surface anesthesia, nerve
blocks, brachial plexus block, and epidural and subarachnoid
anesthesia. The underlying mechanisms of tachyphylaxis are not
well understood. Local alterations in disposition and absorption
of local anesthetics—but not in structure (ester vs. amide) or the
pharmacological properties of local anesthetics themselves (e.g.,
brief vs. long acting), technique, mode of administration (inter-
mittent vs. continuous), and pharmacodynamic processes (inter-
actions at receptor sites)—may all play a role in the development
of tachyphylaxis.223

Choices of Local Anesthetics
The use of specific local anesthetics for local and regional anes-
thetic and analgesic techniques in animals is described in
Chapters 20 (dogs), 21 (cats), 22 (horses), and 23 (cattle, sheep,
goats, and pigs).

Local Anesthetics Approved for
Veterinary Use by Codified Federal
Register (CFR)
Lidocaine injection with epinephrine: cats, cattle, dogs, and
horses (21 CFR 522.1244, p. 280, April 1, 1993, editions).

Mepivacaine hydrochloride injection: horses (21 CFR 522.1372,
p. 281, April 1, 1993, editions).

Proparacaine hydrochloride ophthalmic solution: animal
species not specified (21 CFR 524.1883, p. 338, April 1, 1993,
editions).

The CFR also lists a number of combination products contain-
ing local anesthetics plus corticosteroid or antimicrobial agents
for treatment of surface bacterial infections and/or allergy.
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Introduction
Muscle relaxants are anesthetic adjuncts administered to improve
relaxation of skeletal muscles during surgical or diagnostic pro-
cedures. The term neuromuscular blocking agents (NMBAs) is a
cumbersome, but descriptive, name that refers to this class of
drugs producing their effect by actions at the neuromuscular
junction. The more general term muscle relaxant refers to any
drug that has relaxant properties and would include centrally act-
ing agents such as benzodiazepines, �2-adrenoceptor agonists,
and guaifenesin. Beneficial effects of NMBA administration dur-
ing general anesthesia include facilitation of tracheal intubation,
reduction of skeletal muscle tone at light planes of inhalant or in-
jectable anesthesia, and prevention of patient movement during
delicate ocular, neurological, or cardiac surgery. Although used
frequently in human anesthesia and in some veterinary special-
ties such as ophthalmology, the use of NMBAs in general veteri-
nary practice is limited. Inhalant anesthetics such as isoflurane
are complete anesthetics in that they fulfill the triad of anesthe-
sia: unconsciousness, analgesia, and muscle relaxation. All three
of these properties are required in order to perform most invasive
surgical procedures. Of the three properties of the triad, inhalant
anesthetics are very good at producing loss of consciousness at
comparatively light planes of anesthesia, whereas substantially
deeper planes are required to obtund nociceptive processing and
skeletal muscle contraction. Indeed, these last two properties are
provided by potent inhalant anesthetics only by virtue of more
profound depression of the central nervous system (CNS).
Unfortunately, deeper planes of inhalant anesthetics are associ-
ated with a decrease in cardiovascular function; thus, the proper-
ties of muscle relaxation and analgesia are accompanied by re-
duced cardiovascular performance. In young, healthy animals
having good cardiovascular reserve, this may be well tolerated;
in patients having poor cardiovascular function, however, signif-
icant morbidity and mortality may result. Rather than using in-
halant anesthetics to provide all three components of the triad, a
safer approach may be one that uses lower concentrations of an
inhalant to provide unconsciousness, an analgesic to inhibit no-
ciceptive processing, and an NMBA to relax skeletal muscle.
This approach has historically been termed balanced anesthesia.
Balanced anesthetic techniques are frequently chosen because
they provide optimal conditions for both the surgeon and the
patient.
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History of Muscle Relaxants
The introduction of NMBAs into anesthesiology in 1942 is a rel-
atively recent event in medical practice. Indigenous South
Americans had been using a paralyzing poison for centuries on
the heads of their hunting arrows. This lethal compound was de-
rived from the tropical plant Chondodendron tomentosum and
caused paralysis and death to quarry that had been impaled by a
coated arrow. Such a poison was an advantage because animals
suffering a normally nonlethal wound would succumb and could
be harvested by the hunter. The existence of this poison, known
as curare, was recognized outside of South America, but its med-
ical uses were not realized. The link was made when an explorer,
Richard Gill, returned from the jungles of South America and
was diagnosed with multiple sclerosis. The suggestion that the
spastic paralysis might be relieved by administration of the arrow
poison led Gill to overcome his disability and return to the South
American jungle. He returned to the United States in the late
1930s having obtained a quantity of curare, which he sold to a
pharmaceutical company that then purified the raw curare and
marketed it under the trade name of Intocostrin. Initially, Into-
costrin was used only in psychiatric medicine to control seizures
that were associated with treatments of psychotic states. A physi-
cian in the company realized the potential the drug might have in
the field of anesthesiology and convinced an anesthesiologist to
undertake studies in humans. This was to be a monumental un-
dertaking because the anesthesia community of the day was un-
derstandably not receptive to administration of a paralytic arrow
poison to surgical patients. Indeed, the mere suggestion that one
would administer a drug that would intentionally cause respira-
tory arrest was unthinkable to a generation of physicians who had
grown up with the motto “Where there is breath, there is hope.”
Studies which suggested that d-tubocurarine, a quaternary alka-
loid isolated from raw curare, was safe and useful for relaxing
abdominal muscles during general anesthesia began to emerge,
and use of the drug spread to Great Britain by 1945.1 Another
drug with paralytic properties similar to d-tubocurarine, but hav-
ing the advantage of rapid onset and offset (succinylcholine), was
introduced into human practice in the early 1950s.2 Reports of
the use of NMBA in dogs also began to appear in the early 1950s,
and administration of succinylcholine to horses was described in
the 1960s.3,4 Both d-tubocurarine and succinylcholine have a
number of undesirable cardiovascular effects. These agents can
affect autonomic ganglia and cardiac muscarinic receptors, as
well as induce histamine release. Although succinylcholine 
has the advantage of rapid onset and offset compared with d-
tubocurarine, the additional disadvantages of hyperkalemia, ar-
rhythmias, postanesthetic myalgia, and the changing nature of its
block dictated that other NMBAs be developed.

Synthetic relaxants developed during the ensuing years in-
cluded gallamine, decamethonium, alcuronium and, finally,
steroid-based pancuronium. Most are now only of historical in-
terest, although alcuronium is still frequently used in many parts
of the world, and pancuronium serves as a parent molecule of
several contemporary NMBAs. Atracurium and vecuronium, in-
troduced in the 1980s, have the advantage of minimal to no car-

diovascular effects, minimal histamine release, and a controllable
and predictable duration of action. Both are widely used in
human anesthesia practice. Mivicurium, an analogue of
atracurium with a rapid onset and brief action, was developed to
take advantage of rapid onset of action in facilitating tracheal in-
tubation after induction of anesthesia. It is essentially devoid of
the problems of hyperkalemia, arrhythmia, and myalgia.
Recently developed NMBAs include doxacurium, pipecuronium,
and rocuronium, which represent an effort to produce an NMBA
that has a precise, predictable duration of action and minimal un-
toward cardiovascular side effects.

Physiology of the Neuromuscular
Junction
All muscle relaxants exert their effects at the neuromuscular
junction, which forms the interface between the large myelinated
motor nerve and the muscle that is supplied by that nerve. The
neuromuscular junction itself may be divided into the prejunc-
tional motor nerve ending, the synaptic cleft, and the postjunc-
tional membrane of the skeletal muscle fiber. Present on the pre-
junctional and postjunctional areas of the neuromuscular
junction are nicotinic receptors, which bind and respond to
acetylcholine (ACh) or another suitable ligand. The prejunctional
receptor is thought to be important in the synthesis and mobiliza-
tion of ACh stores, but not for its release.5 There appear to be two
types of postjunctional receptors: junctional and extrajunctional.6

The junctional receptors are found on the motor end plates of
normal adult animals and are responsible for interacting with the
released ACh, initiating muscle contraction. Antagonism of ACh
at the junctional receptors is responsible for the relaxant effect
seen when an NMBA is administered. The extrajunctional recep-
tors are not present in high numbers on the skeletal muscle mem-
branes of adult mammals, but are important because they are syn-
thesized by muscles that are receiving a less than normal degree
of motor nerve stimulation.7 Thus, their number may be in-
creased following spinal cord injury or after a period of muscle
disuse, such as when a limb is cast. They are also present in
neonates. The location of extrajunctional receptors is not re-
stricted to the motor end plate and they may be located over the
entire muscle cell surface.8,9 Extrajunctional receptors appear to
be more responsive to depolarizing NMBAs such as succinyl-
choline and less responsive to nondepolarizing NMBAs such as
atracurium.10 If the degree of neuromuscular deficit is severe, ex-
trajunctional receptors may be more numerous and widely dis-
tributed over the muscle membrane. Such patients may have a
more intense response to the actions of a depolarizing NMBA
and a more profound release of intracellular potassium ions (K+)
with its concomitant adverse cardiac effects.11

The prejunctional nerve endings synthesize and store a quan-
tity of ACh in synaptic vesicles. During normal neuromuscular
transmission, an action potential arrives at the prejunctional
motor nerve ending, causing depolarization of the nerve terminal.
The depolarization of the nerve membrane activates adenylate
cyclase, which converts adenosine triphosphate to cyclic adeno-
sine monophosphate. The resultant conversion results in calcium-
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ion (Ca2+) entry into the nerve terminal and resultant release of
ACh into the synaptic cleft. ACh can then diffuse to the postsy-
naptic membrane and interact with postjunctional nicotinic re-
ceptors, resulting in the development of an end-plate potential (a
muscle cell action potential) and ultimately muscular contraction
(Fig. 15.1). ACh is rapidly hydrolyzed into choline and acetate by
acetylcholinesterase. Thus, the muscle cell is depolarized by the
end-plate potential created by the binding of ACh to the receptor
and then is repolarized as the ACh is removed from the receptor
and hydrolyzed.

The postjunctional receptors are concentrated on the end plate
immediately opposite the sites of ACh release.12 Electron mi-
croscopy of these receptors shows them to have a central pit sur-
rounded by a raised circular area; thus, they look similar to a
spool of thread that is viewed end on.13,14 The raised circular area
is the mouth of a cylinder of protein that protrudes through the
cell membrane, and it contains the binding sites for ACh and
other ligands. The pit is the extracellular opening of an ion chan-
nel that runs throughout the cylinder’s length. The receptor is
composed of five subunits of four distinct subunit types desig-
nated alpha, beta, gamma, and delta. The two alpha subunits of
each receptor and the others are arranged into a cylinder having
a potential space, the ion channel, contained within.15 The func-
tional opening of the channel is controlled by the ACh-binding
sites present in the two alpha subunits. When two molecules of
ACh are bound to the two binding sites on each of the two alpha
subunits, the protein rotates into a new conformation and, in so
doing, opens the ion channel and permits ion flow.16 The open
channel enables flow of small cations (sodium ions [Na+] and
Ca2+ flow in and K+ flows out) but not large cations or anions.
Ion-current flow depolarizes the postjunctional membrane.17 As
the ACh molecules dissociate from the nicotinic receptors and
are hydrolyzed by acetylcholinesterase, the ion channel closes,
current flow stops, and the membrane is repolarized.

Binding of ligands to the nicotinic receptor at the neuromuscu-
lar junction is competitive and reversible. Since two molecules of
ACh bound to each of the receptor alpha subunits are required for
normal function, antagonists have a distinct advantage in that
they need only bind to one of the subunits to prevent normal neu-
romuscular transmission and thus paralysis.18 The interaction of
ACh and NMBA at the postjunctional receptors is a dynamic
process of binding and dissociation and, coupled with the sheer
number of receptors present (10,000 to 20,000/µm2), the success
or failure of neuromuscular transmission in the presence of an
NMBA is determined by the concentration of the NMBA versus
the concentration of ACh. A high percentage of receptors binding
ACh favors muscular contraction, whereas a high percentage of
receptors binding NMBA favors paralysis. This suggests a
method for reversing paralysis induced by an NMBA. Increasing
the concentration of ACh compared with the concentration of
NMBA will increase the probability that the receptor will bind
ACh and normal neuromuscular transmission will again result.
Clinically, ACh concentration is increased by administration of
inhibitors of acetylcholinesterase, such as neostigmine. When
acetylcholinesterase is inhibited, ACh is not degraded immedi-
ately after release from the receptor, its half-life within the
synapse is longer, and more of it is available to interact with re-
ceptors. Increased ACh activity is also seen as the concentration
of an NMBA declines due to degradation of the drug. As the con-
centration declines, the competitive balance favors ACh and
more normal neuromuscular transmission returns.

Pharmacology
Ligand-Receptor Interactions
The classic mechanism of action of an NMBA such as d-
tubocurarine or atracurium is the competitive binding of the drug
to the receptor thus blocking transmission of the nerve action po-
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Fig. 15.1. Top: Normal neuromuscular trans-
mission. An action potential arriving at the motor
end plate causes the release of acetylcholine
(ACh) into the synaptic cleft. ACh binds to both
postsynaptic receptors, which opens the ion
channel and subsequent muscular contraction.
Bottom: Recovery and repolarization occur
when ACh is degraded by acetylcholinesterase
(AChE), the receptor sites are cleared, and the
ion channel closes. Ca+, calcium ions; and Na+,
sodium ions.



tential. There are at least two other less well understood mecha-
nisms: desensitization and channel blockade.

Earlier it was stated that the cholinergic receptor is inactive
with its potential ion channel collapsed when two molecules of
ACh are not attached to the alpha subunits of the receptor.
Binding of ACh to each of the two alpha subunits of the receptor
causes the conformational change to the active state and enables
the ion channel to open. However, the channel does not have to
exist only in the open or collapsed state. A third possible confor-
mation is the desensitized state, in which receptors bind ACh to
the alpha subunits, but a conformational change and channel
opening do not occur. A number of drugs, including agonists, an-
tagonists, and inhalant anesthetics, appear to be able to switch the
cholinergic receptor to the desensitized state. The desensitized-
state hypothesis explains the synergistic action that inhalant
anesthetics have with NMBAs because it is known clinically that
much lower doses of NMBAs achieve an acceptable degree of re-
laxation when a patient is anesthetized with a volatile anesthetic.
A large number of drugs may cause or promote desensitization,
such as succinylcholine, thiopental, Ca2+-channel blockers, local
anesthetics, phenothiazines, cyclohexamines, inhalant anesthet-
ics, and some antibiotics.19–22

Channel blockade occurs when a molecule becomes stuck
within the channel, obstructing normal ion flux. This is possible
because the mouth of the ion channel is much wider than the
transmembrane portion, which enables molecules to enter the
channel but not necessarily pass completely through it. Therefore,
channel blockade blocks normal neuromuscular transmission not
by competing for binding sites on the nicotinic receptor, but by in-
terfering with the depolarization process in response to binding of
an agonist.23,24 This is an important distinction because the paral-
ysis induced by channel blockade may not be antagonized by ad-
ministration of an anticholinesterase. In fact, inhibition of
cholinesterase enzyme may intensify the block because the open-
ing of more ion channels in response to a greater concentration of
ACh may provide a greater opportunity for the offending mole-
cules to become trapped within the channel. It is known that many
drugs can cause channel blockade, but the fact that NMBAs them-
selves can block the neuromuscular receptor channels may par-
tially explain why administration of an anticholinesterase drug in
an effort to antagonize neuromuscular blockade may sometimes
intensify rather than lessen the paralysis.25,26

Depolarizing and Nondepolarizing Drugs
Depolarizing and nondepolarizing neuromuscular junction–
blocking drugs both have an affinity for, and bind to, nicotinic
ACh receptors at the neuromuscular junction; however, their in-
trinsic activity at the receptor is very different. Nondepolarizing
drugs bind to the receptor but do not activate it (Fig. 15.2). Their
onset of action is characterized by a progressive weakening of
muscle contraction and, ultimately, flaccid paralysis. Depolari-
zing drugs also bind to the receptor and, similar to ACh, the re-
ceptor is stimulated, causing depolarization of the postjunctional
membrane. Unlike ACh, succinylcholine and other depolariz-
ing NMBAs are not susceptible to breakdown by acetyl-
cholinesterase and thus the ion channel remains open and repo-

larization does not occur. The persistent state of depolarization
associated with administration of depolarizing NMBAs causes
inexcitability of the motor end plate and, as with nondepolariz-
ing NMBA, a flaccid paralysis results. In addition to the differ-
ing mechanism of action of depolarizing drugs, several other dif-
ferences are clinically apparent when comparing depolarizing
and nondepolarizing NMBAs. Succinylcholine administration
can cause muscle fasciculations immediately prior to the devel-
opment of flaccid paralysis. Large doses, repeated administra-
tion, or administration of succinylcholine as an infusion causes
the character of the block to change from the aforementioned
classic depolarizing action (i.e., phase I block) to a phase II 
block which resembles that of nondepolarizing drugs such as 
d-tubocurarine. Despite years of investigation into the genesis of
phase II block, its mechanism is still not clearly understood.
Prolonged exposure of the cholinergic receptors to the agonist
succinylcholine likely causes receptor desensitization, channel
blockade, or a combination of both. Both receptor desensitization
and channel blockade have properties that would mimic those of
the nondepolarizing NMBAs and thus would change the mecha-
nism and nature of the succinylcholine-induced block.

Individual Neuromuscular Blocking
Drugs
The NMBAs are quaternary ammonium compounds that mimic
the quaternary nitrogen atom of ACh. They are attracted to the
nicotinic receptors at the motor end plate, as well as to nicotinic re-
ceptors located in autonomic ganglia. Most NMBAs are positively
charged, water-soluble compounds that have a limited volume of
distribution and, in many cases, limited hepatic biotransforma-
tion.27 The water-soluble nature of these compounds suggests their
pharmacokinetics differ markedly from those of most anesthetic
drugs, such as thiopental and propofol. A hallmark of lipid-soluble
anesthetic agents is their rapid onset of action and their rapid ter-
mination of effect after intravenous administration.

In contrast, the low lipid solubility exhibited by the NMBAs
limits drug transfer across membrane structures, including the
placenta and blood-brain barrier. Hepatic metabolism and redis-
tribution to sites other than the skeletal muscles are not major
mechanisms in the termination of NMBA effects. An exception
is vecuronium, where biliary excretion is important in its elimi-
nation from the body.28 Because of their water solubility, most
NMBAs are excreted by glomerular filtration and are generally
not reabsorbed by the renal tubules. The water-soluble nature of
these drugs may also contribute to the observation that neonates
may require relatively higher doses of NMBAs because neonates
have a higher percentage of body water than do adults and typi-
cally higher apparent volumes of distribution for water-soluble
drugs. Recommended doses of muscle relaxants used in common
domesticated species are listed in Table 15.1.

Succinylcholine
This is currently the only depolarizing NMBA used in veterinary
medicine. Structurally, the succinylcholine molecule is two ACh
molecules joined end to end. This drug is rapidly hydrolyzed in
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plasma by pseudocholinesterase (plasma cholinesterase), so only
a small fraction of the injected dose survives degradation in
plasma to reach the site of action at the neuromuscular junction.
Very little pseudocholinesterase is present in the synaptic cleft,
so succinylcholine-induced paralysis is terminated by diffusion
of the drug away from the neuromuscular junction and into the
extracellular fluid. Paradoxically, the rapid degradation of suc-
cinylcholine in the plasma is in some way responsible for the
rapid onset of effect achieved by the drug. Because of the rapid
degradation by plasma pseudocholinesterase, comparatively
large doses of succinylcholine may be administered without
worry of an increased duration of effect. The higher the succinyl-
choline dose, the more rapid the onset of paralysis will be. This
strategy does not apply when using nondepolarizing NMBAs,
where a significant increase in the duration of action will follow
increased dosages. Because of its rapid onset of effect and brief
action, succinylcholine is often the relaxant of choice to facilitate
rapid human endotracheal intubation. Use of NMBAs to facili-
tate endotracheal tube placement is not common in veterinary
practice because, with the arguable exception of cats and pigs,
laryngeal contraction is rarely an impediment to tracheal intuba-

tion. Pseudocholinesterase is synthesized in the liver, and pro-
duction is decreased by liver disease, chronic anemia, malnutri-
tion, burns, pregnancy, cytotoxic drugs, metoclopramide, and
cholinesterase-inhibitor drugs.29–32 Additionally, species differ-
ences in pseudocholinesterase activity may exist. A reduction in
plasma cholinesterase activity can be expected to prolong the ac-
tion of succinylcholine. Administration of organophosphate in-
secticides, such as dichlorvos and trichlorfon, to horses has been
shown to reduce pseudocholinesterase activity and prolong the
duration of succinylcholine-induced neuromuscular blockade.33

Conversely, cats wearing a dichlorvos flea collar had no in-
creased duration of succinylcholine effect.34

Pancuronium
This was the first in a series of nondepolarizing NMBAs having
a steroid nucleus. The drug has a dose-dependent onset of ap-
proximately 5 min and action ranging from 40 to 60 min in dogs.
A large fraction of the drug is excreted by the kidney, and the re-
mainder is metabolized by the liver. As may be expected, the ac-
tion lasts longer in patients with renal insufficiency. In addition
to having affinity for the nicotinic receptors at the neuromuscu-
lar junction, pancuronium can also inhibit cardiac muscarinic re-
ceptors, thus mildly to moderately increasing heart rate in some
patients. This effect appears to vary among species. The mus-
carinic receptor–blocking effect and associated increase in heart
rate appear to be caused by a second positive charge attached to
the steroid ring. Removal of a single methyl group and, thus, of
the positive charge, creates vecuronium, which is devoid of these
cardiovascular effects.

Atracurium
This is a short-acting nondepolarizing NMBA having a ben-
zylisoquinoline structure similar to that of d-tubocurarine. The
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Fig. 15.2. Top: Normal neuromuscular trans-
mission proceeds as described in Fig. 15.1.
Bottom: Atracurium competes with acetyl-
choline (ACh) at the postsynaptic receptor.
The occupation of at least one of the two re-
ceptor sites by atracurium prevents receptor
activation, and the ion channel remains
closed. Ca+, calcium ions; and Na+, sodium
ions.

Table 15.1. Doses of commonly used neuromuscular blocking
agents in some domestic species.

Drug (mg/kg) Dog Cat Horse

Succinylcholine 0.3–0.4 0.20 0.12–0.15
Pancuronium 0.07 0.06 0.12
Atracurium 0.15–0.2 0.15–0.25 0.07–0.15
Vecuronium 0.1–0.2 0.025–0.05 0.10
Pipecuronium 0.05 0.003



drug has a dose-dependent onset of action of approximately 5
min, and its action lasts approximately 30 min in dogs. Repeated
doses do not tend to be cumulative, so neuromuscular blockade
is sometimes maintained via continuous intravenous infusion.
Atracurium is unique in that almost half of it is degraded by
Hofmann elimination and nonspecific ester hydrolysis. The re-
maining fraction is degraded by as yet undefined routes, although
evidence exists that its action is not prolonged in people in he-
patic or renal failure.35,36 Hepatic metabolism and renal excre-
tion are not necessary for termination of effect. Consequently,
atracurium may be administered to patients with hepatic or renal
insufficiency without significantly increasing its duration of
action.

Hofmann elimination is a process of spontaneous molecular
decomposition and appears to be pH and temperature dependent.
It does not require enzymatic activity. Because Hofmann elimi-
nation may occur ex vivo, atracurium should be kept refrigerated
and is supplied at a pH of 3.25 to 3.65. When injected intra-
venously, it spontaneously decomposes into laudanosine and a
quaternary monoacrylate at physiological pH and temperature.
The laudanosine metabolite is a known CNS stimulant and can
induce seizures. Unlike atracurium, laudanosine is almost totally
dependent on hepatic biotransformation for elimination; thus,
laudanosine plasma concentrations may be elevated in patients
who have hepatic insufficiency and are given atracurium for
longer surgical procedures. Laudanosine-induced CNS stimula-
tion and seizures are unlikely unless atracurium is administered
for prolonged periods, as might occur in intensive care settings.
Since Hofmann elimination is pH and temperature dependent,
hypothermia may increase the duration of atracurium neuromus-
cular blockade and require a decrease in the infusion rate neces-
sary to maintain neuromuscular blockade.37 Ester hydrolysis of
atracurium is accomplished by several plasma esterases unrelated
to plasma cholinesterase. In contrast to succinylcholine metabo-
lism, the duration of action of atracurium is not prolonged in the
presence of cholinesterase inhibitors.

Many NMBAs having the benzylisoquinoline structure are as-
sociated with histamine release and a varying degree of hypoten-
sion. d-Tubocurarine, the prototypical benzylisoquinoline
NMBA, is among the most potent at releasing histamine, but
newer drugs having the benzylisoquinoline structure, such as
atracurium and mivacurium, require several times the effective
dose for neuromuscular blockade before appreciable amounts of
histamine are released.38,39 Although signs of histamine release,
such as hypotension and tachycardia, are not usually observed
when atracurium is administered, slow intravenous administra-
tion is always preferred.

Cisatracurium
Atracurium is a racemic mixture of ten optical isomers. The 1R-
cis, 1R�-cis isomer, or cisatracurium, comprises approximately
15% of racemic atracurium, is approximately four times more
potent, and has much less potential for histamine release. For ex-
ample, in cats, plasma histamine concentrations were unchanged
when up to 60 times the effective dose of cisatracurium was ad-
ministered.40 Cisatracurium has a similar onset time and duration

of action to atracurium. Hofmann elimination metabolizes more
than half the administered dose of cisatracurium, but, unlike with
the racemic compound, ester hydrolysis does not occur. As with
atracurium, Hofmann elimination causes laudanosine produc-
tion. Since cisatracurium is approximately fourfold as potent as
atracurium, the administered dose is correspondingly less, as is
production of laudanosine.41

Vecuronium
Introduced in the 1980s, this was one of the first NMBAs free of
cardiovascular effects. The discovery that the vagolytic proper-
ties and associated tachycardia seen with pancuronium adminis-
tration were caused by two positive charges within the steroid
molecule led investigators to remove a single methyl group from
the parent pancuronium molecule. Vecuronium, the resultant
drug, has remarkable cardiovascular stability and does not induce
tachycardia nor release histamine.42 This drug has a dose-
dependent onset of action of approximately 5 min and an inter-
mediate duration of action similar to that of atracurium: 30 min.
As with atracurium, a cumulative effect with subsequent doses is
not a prominent feature of this drug. Vecuronium is unstable
when prepared in solution and is supplied as a lyophilized pow-
der that is reconstituted with sterile water prior to injection. The
powder does not need refrigeration, and, once reconstituted, the
solution is stable for 24 h. Slightly more than half of the drug is
metabolized by hepatic microsomal enzymes and excreted in the
bile while a significant fraction undergoes renal elimination.43 In
humans, the action of vecuronium is either slightly prolonged or
unchanged in patients who exhibit renal insufficiency but not in
patients who suffer hepatic failure unless increased doses are
administered.44

Rocuronium
This is a derivative of vecuronium, having approximately one-
eighth the potency of the parent compound. Since vecuronium
and rocuronium have similar molecular weights and rocuronium
has lower potency, a higher injected dose of rocuronium places
a greater number of molecules near the neuromuscular junction
translating into a more rapid onset of neuromuscular blockade.
The rapid onset of effect of rocuronium makes the drug an at-
tractive nondepolarizing alternative to succinylcholine for tra-
cheal intubation. Its duration of action in dogs is similar to that
of vecuronium and atracurium.45 Similar to vecuronium, rocuro-
nium seems to be without cardiovascular effects and does not
release histamine.46 The primary route of elimination is via the
hepatic system while a small fraction is eliminated via the
kidney.42

Doxacurium
This is a very potent benzylisoquinoline NMBA with a long du-
ration of action.47 Similar to other benzylisoquinoline NMBAs,
such as atracurium, doxacurium does not have vagolytic proper-
ties or cause ganglion blockade. Similar to cisatracurium, admin-
istration of clinical doses does not cause appreciable histamine
release. Doxacurium appears to be minimally metabolized and is
excreted unchanged into the bile and urine.
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Mivacurium
This drug is a rapid-acting, short-duration NMBA marketed for
use in humans for facilitating tracheal intubation at anesthetic in-
duction. Similar to atracurium, mivacurium can induce histamine
release if high doses are administered. Mivacurium is rapidly
biotransformed by plasma pseudocholinesterase, and metabolites
do not have appreciable neuromuscular blocking activity. Its
dose-dependent duration of action differs between species. The
action of typical doses used in humans lasts approximately 25
min, about one-half to one-third less than that of atracurium.
Mivacurium also shows marked differences in potency among
species, being much more potent in dogs than in people. In dogs,
one-third of the human dose is associated with blockade that is
five times longer.48 The differences in duration of action between
species may in part reflect the reduced activity of pseudo-
cholinesterase in dogs, because normal plasma cholinesterase
concentrations for dogs are reportedly from 19% to 76% of
human values.49 Also, canine pseudocholinesterase enzyme
might have differing affinity for the three primary isomers of mi-
vacurium.49 Clinical observations indicate that mivacurium has a
much briefer action in cats than in dogs.

Nonneuromuscular Effects
The NMBAs primary action is at the nicotinic receptors at the
motor nerve plate, but most drugs affect other cholinergic recep-
tors, including the cardiac muscarinic receptors and nicotinic
ganglionic receptors within the autonomic nervous system. Many
undesirable effects can be caused by either the blocking of recep-
tors or the mimicking actions of ACh.

Cardiovascular Effects
ACh is the primary neurotransmitter of preganglionic and post-
ganglionic neurons within the parasympathetic nervous system,
whereas the sympathetic nervous system employs ACh only as a
preganglionic neurotransmitter in most tissues. The ubiquitous
presence of ACh and the structural similarities between ACh and
the NMBAs provides an opportunity to induce physiological ef-
fects other than paralytic actions. Agonist or antagonist action at
cardiac muscarinic receptors or nicotinic receptors at sympa-
thetic ganglia may decrease or increase heart rate and cause car-
diac dysrhythmias. Succinylcholine can mimic the effect of ACh
at cardiac muscarinic receptors, leading to sinus bradycardia,
junctional rhythms, and even sinus arrest.50,51 Alternatively, by
virtue of its ACh-like effects at sympathetic ganglia, administra-
tion of succinylcholine may increase heart rate and blood pres-
sure.52 The net clinical effect observed in an individual animal is
probably a function of the species, dose, and timing of adminis-
tration.

Nondepolarizing drugs, particularly the older agents, may also
influence a patient’s cardiovascular status. The rapid intravenous
injection of a paralyzing dose of d-tubocurarine can decrease
blood pressure significantly. This may occur by blocking the
action of ACh at sympathetic ganglia, which then decreases sym-
pathetic efferent activity, leading to hypotension. Alternatively,
histamine release associated with the rapid intravenous adminis-

tration of d-tubocurarine could cause hypotension. This mecha-
nism probably causes the majority of hypotension, because either
slow intravenous administration, or prior administration of an an-
tihistamine, usually attenuates the response.53

Rapid intravenous administration of clinically used doses of
pancuronium may produce an increase in heart rate and corre-
sponding increases in arterial pressure and cardiac output.54,55

This response is caused by blockade of cardiac muscarinic recep-
tors and resultant decreased parasympathetic nervous system
effects on the heart.56 In addition, there is evidence that pancuro-
nium may stimulate the release of norepinephrine from sympa-
thetic adrenergic nerves.57 A modest increase in heart rate is not
always disadvantageous, particularly when drugs having vago-
mimetic effects (e.g., opioids and �2-adrenergic agonists) are
concurrently administered to a patient. The ability of pancuro-
nium to increase heart rate is inconsistent among species,
however. In dogs, heart rate, blood pressure, and cardiac output
typically increase.55,56 Heart rate does not change in horses anes-
thetized with halothane and administered pancuronium, whereas
both heart rate and blood pressure may increase in ponies.58,59

Pancuronium administration does not change heart rate or blood
pressure in anesthetized calves, but increases heart rate and blood
pressure in pigs.60,61 The newer, intermediate-duration agents,
such as atracurium and vecuronium, are virtually devoid of these
cardiovascular effects. Atracurium and mivacurium may release
histamine, but blood pressure is rarely decreased when modest
doses of these NMBAs are used.

The newest NMBAs—pipecuronium, doxacurium, and
rocuronium—were designed with cardiovascular stability in
mind and their administration is unlikely to be associated with
profound changes in cardiovascular function. Rapacuronium in-
duces histamine release, but this is minimized if rapid intra-
venous administration is avoided.62

Histamine Release
The quaternary ammonium structure inherent in the NMBAs is
responsible for the propensity of many of these compounds to
stimulate histamine release following intravenous injection.
Release of histamine in animals causes vasodilation, a decrease
in blood pressure, and possibly a compensatory increase in heart
rate. Histamine release is usually associated with administration
of the benzylisoquinoline class of NMBAs but has been reported
with low-potency steroid relaxants.63 Because d-tubocurarine is
a potent inducer of histamine release at doses required to produce
clinically useful neuromuscular block, vasodilation and in-
creased heart rate are commonly encountered.54 For newer
NMBAs, the dose necessary to evoke clinically significant hista-
mine release is much higher than the dose necessary to produce
relaxation. For example, in people, approximately 2.5 times the
effective dose of atracurium is required to stimulate histamine
release.64 Pretreatment of patients with H1-receptor and H2-
receptor antagonists is effective in preventing the cardiovascular
effects associated with NMBA-induced histamine release.65

Worries about histamine release with newer NMBAs may be
avoided simply by administering relaxants more slowly and re-
fraining from administering higher doses.
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Placental Transfer
All clinically used NMBAs are large, hydrophilic, polar mole-
cules. As a consequence, their transfer across cell membranes, in-
cluding the placenta, is limited. At clinical doses, placental trans-
fer of relaxants is minimal and effects on the neonate are
unlikely. There is widespread use of NMBAs during human ce-
sarean operations, and atracurium and succinylcholine have been
used clinically in small and large domestic animals without con-
sequence to neonates. Administration of NMBAs—such as pan-
curonium, succinylcholine, gallamine, and d-tubocurarine—to
pregnant ferrets and cats does not impair muscle-twitch strength
in neonates.66

Central Nervous System Effects
Being large, polar, hydrophilic molecules, the NMBAs do not
cross cell membranes readily, but evidence exists that most of
these drugs do gain limited entrance into the cerebrospinal fluid
and may be associated with CNS effects. Pancuronium adminis-
tration reportedly reduced the minimum alveolar concentration
of halothane in humans.67 However, a subsequent study in hu-
mans found that pancuronium, atracurium, or vecuronium ad-
ministration had no effect on the minimum alveolar concentra-
tion (MAC) of halothane.68 Accidental administration of
NMBAs into the cerebrospinal fluid has caused myotonia, auto-
nomic effects, and seizures.69,70 Laudanosine, a metabolite of
atracurium, easily crosses the blood-brain barrier in dogs, and
high concentrations may stimulate the CNS.71 Clinically useful
dosages of atracurium, however, are unlikely to result in the for-
mation of a sufficient quantity of laudanosine to alter the CNS.

Protein Binding
All nondepolarizing NMBAs are protein bound, but the clinical
significance of such binding is unclear. Presumably, only the un-
bound fraction of drug is available to interact at ACh receptors
and induce paralysis. In studies of people who had hepatic cir-
rhosis with decreased plasma protein concentrations, the propor-
tion of d-tubocurarine, pancuronium, and vecuronium bound to
plasma protein was not different compared with healthy patients
who had normal plasma protein concentrations.72,73 Thus, de-
spite the theoretical concerns of low plasma protein increasing
the proportion of free, active drug, the amount of NMBA that is
protein bound in hypoproteinemic patients appears to remain un-
changed.

Nonneuromuscular Effects of Succinylcholine
Several, often undesirable, nonneuromuscular side effects are as-
sociated with the administration of succinylcholine. These seque-
lae include hyperkalemia; increased intraocular, intracranial, and
intragastric pressure; and muscle soreness.

Hyperkalemia
Succinylcholine administration is associated with a transient in-
crease in serum potassium levels. Succinylcholine activates the
nicotinic motor end-plate receptors but, unlike ACh, is not imme-
diately degraded by acetylcholinesterase. This produces depolar-
ization characterized by open ion channels that enable potassium

ions to egress from the muscle fiber into the extracellular space.
As a result, serum potassium concentrations can rise transiently
after drug administration. In healthy patients, this increase is usu-
ally without adverse effects, provided that cardiovascular disease
is not present and preadministration serum potassium levels are
normal. In patients with burns, severe muscle trauma, muscular
denervation, nerve damage, or neuromuscular disease, extrajunc-
tional ACh receptors proliferate over the surface of the muscle
fiber. This increase in receptor density is accompanied by an in-
crease in sensitivity to the depolarizing muscle relaxants and an
increase in the amount of intracellular potassium released in re-
sponse to succinylcholine administration. The increase in extra-
junctional ACh receptor density begins to occur within 2 days
after the injury and can persist for 2 to 3 months.74

Intraocular Pressure
Succinylcholine administration increases intraocular pressure. In
humans, intraocular pressure usually peaks within 2 to 4 min and
remains increased for at least 6 min after administration.75 The
mechanism responsible for the increase in intraocular pressure is
presently unknown but likely involves altered circulation to the
eye. The administration of the calcium-channel blocker nifedip-
ine attenuates this increase.76 Administration of succinylcholine
to patients who have penetrating eye injuries should be avoided
because it can cause ocular evisceration. Controversy exists as to
whether administration of a nondepolarizing NMBA prior to
succinylcholine prevents increases in intraocular pressure. It is
important to realize that the use of any induction technique that
might cause gagging or forceful coughing will raise intraocular
and intracranial pressure and thus must be avoided in patients
who have an open globe. Induction with a rapid-acting injectable
anesthetic and being certain that adequate anesthetic depth has
been achieved prior to attempting tracheal intubation are critical
in preventing intraocular pressure increases.

Intragastric Pressure
Because succinylcholine administration causes muscle con-
traction that manifests clinically as fasciculations of the skele-
tal muscles, abdominal constriction and increases in intra-
abdominal and intragastric pressure can occur, increasing the
potential for regurgitation.

Intracranial Pressure
Muscle fasciculations induced by succinylcholine may also in-
crease intracranial pressure. In humans, prior administration of a
nondepolarizing NMBA prevents the increase in intracranial
pressure. Since most domestic animals can be easily intubated
without use of an NMBA, it is recommended that succinyl-
choline be avoided in patients with intracranial hypertension. As
with penetrating eye injuries, a rapid, smooth induction of anes-
thesia is a more desirable strategy in preventing unnecessary in-
creases in intracranial pressure.

Muscle Responses
Succinylcholine administration is often associated with muscle
soreness. Myalgia results from muscle fasciculations that occur
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during the initial depolarization of the motor end plate.77 The in-
tensity of the fasciculations and the intensity of muscle pain are
correlated.78 Although skeletal muscle enzymes such as creatine
kinase increase after succinylcholine administration, whether an-
imals experience muscle pain similar to that of humans is un-
known, but likely.79–81

Muscle Relaxants in Anesthetized
Animals
The use of muscle relaxants in veterinary practice is not as fre-
quent as in human medicine. Human patients are frequently
given muscle relaxants to facilitate endotracheal intubation and
surgical access. Most animals can be intubated relatively easily
without paralysis, and muscle relaxation caused by inhalant anes-
thetic agents is adequate for most procedures. Because of the
need for familiarity with NMBA pharmacology and mechanical
ventilation, the use of muscle relaxants in animals has been lim-
ited mostly to teaching hospitals and adequately equipped spe-
cialty practices and research institutions.

Indications
Muscle relaxants may be administered for numerous reasons. To
facilitate intubation, muscle relaxants are typically given with hyp-
notic drugs to eliminate laryngeal spasm and provide rapid control
of the airway. The need for a motionless, centrally positioned eye
during intraocular or corneal surgery often requires the use of a
muscle relaxant. Other indications include prevention of uncon-
scious spontaneous movement, reduced resistance to controlled
ventilation, and facilitation of surgical access during surgery.

Precautions
Because the muscles of respiration are paralyzed, ventilation
must be controlled, either by a mechanical ventilator or by a staff
member who can manually ventilate the patient until muscle
strength is restored. Muscle relaxants have no sedative, anes-
thetic, or analgesic properties, so it is critical that the animal be
adequately anesthetized to render it completely unconscious.
Assessing the level of anesthesia in a paralyzed patient is more
difficult than in a nonparalyzed patient because the usual indica-
tors of depth (e.g., purposeful movement in response to a noxious
stimulus, palpebral response, and jaw tone) are abolished. When
including an NMBA in an anesthetic protocol, anesthetists must
be certain they can reliably maintain an adequate plane of surgi-
cal anesthesia and level of ventilation.

Historically, muscle relaxants have been given alone to ani-
mals for capture or restraint, including use as the sole agent for
brief surgical procedures (e.g., equine castration). At this time,
the use of such inhumane practices is not justified because of the
widespread availability of safe and effective anesthetics. The ad-
ministration of an NMBA alone to an awake patient for immobi-
lization purposes is also considered inhumane. 

Selection
When choosing a muscle relaxant, one must consider many fac-
tors, including the species to be paralyzed, the reason for paraly-

sis, the duration of action required, the health status of the pa-
tient, and concurrent drug administration. Relaxants will differ in
the onset of action, duration of action, recovery time, cardiovas-
cular effects, and route of elimination. If a rapid onset and brief
action are needed, the choice might be rocuronium or mivac-
urium, whereas doxacurium may be selected for longer action
without significant cardiovascular effects. Atracurium is metabo-
lized via Hofmann elimination and may be a good choice when
hepatic or renal disease is present.35,36

Because many factors will affect the intensity and duration of
muscle paralysis, monitoring of neuromuscular blockade is useful
for titrating the dose needed for the desired effect. It is important
to remember that individual muscle groups respond differently to
muscle relaxants. The diaphragm is less sensitive to the effects of
muscle relaxants compared with the muscles of the limbs.82

Therefore, a higher dose may be required to abolish spontaneous
ventilation compared with the dose for facilitation of fracture re-
duction. In horses, when a dose of muscle relaxant required to
abolish the hoof twitch is administered, the facial twitch will often
remain, though at reduced strength.83,84 When not monitoring
hoof-twitch tension, it should be appreciated that the facial twitch
may be present even when adequate relaxation has been achieved
in the limb for performing the surgical procedure.

Factors Affecting Neuromuscular
Blockade
A number of factors can influence the duration of action, inten-
sity, and recovery from neuromuscular blockade. Whenever a
muscle relaxant is administered, neuromuscular function must be
monitored during the anesthetic and recovery periods to avoid
overdosing and residual paralysis.

Impaired Metabolism and Excretion
Hepatic failure may alter the initial effect of nondepolarizing
muscle relaxants because of an increase in the volume of distri-
bution. However, their effect may be increased from decreased
metabolism, especially when drugs dependent on hepatic bio-
transformation (e.g., vecuronium) are administered.85–87

Impaired liver function may also prolong or cause residual neu-
romuscular blockade.88 In general, muscle relaxants are not
highly protein bound to albumin, typically less than 50%
bound.89–92 Thus, the net effect of low albumin may not be clin-
ically significant. Decreased esterase activity may slow the bio-
transformation of mivacurium and atracurium. Patients with bil-
iary obstruction may have reduced hepatic clearance of muscle
relaxants.93 The clinical impact of hepatic failure depends on the
specific NMBA and dose administered.

In patients with renal insufficiency, paralysis may be pro-
longed when muscle relaxants that rely predominantly on renal
elimination (gallamine, pancuronium, or doxacurium) are
given.94–97 Recovery from mivacurium administration may also
be prolonged, possibly because of decreased pseudocholine-
sterase activity.98 Atracurium pharmacokinetics are generally un-
affected, but if a constant-rate infusion is given to a patient with
renal failure, laudanosine may accumulate.99 It is best to avoid
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the use of high doses, repeated doses, or continuous infusions of
muscle relaxants that primarily depend on renal elimination in
patients with significant renal disease.

Anesthetic Drugs
Inhalant anesthetic agents cause a time and dose-dependent en-
hancement of the intensity and duration of block produced by
muscle relaxants.100 The explanation for this interaction is com-
plex, with inhalational agents suppressing motor evoked poten-
tials in response to spinal cord and transcranial stimulation.
Muscle contractility is altered, and variation in regional muscle
blood flow causes a greater fraction of the relaxant to reach the
site of action.101 The effects are greatest after administration of a
long-acting relaxant or during a continuous infusion. The order
of potency of some of the inhalational anesthetics in enhancing
muscle relaxant effects is as follows: diethyl ether > enflurane >
isoflurane > desflurane > halothane.101 Also, antagonism of the
block may be delayed, especially if inhalant anesthesia is contin-
ued after administration of the reversal agent. Monitoring of neu-
romuscular function helps to facilitate the appropriate dosing of
muscle relaxants during inhalational anesthesia.

Most injectable anesthetic agents have only minor effects on
the neuromuscular blocking properties of muscle relaxants.
Induction agents, such as thiopental, ketamine and propofol, may
minimally enhance neuromuscular blockade.101

Acid-Base Disturbances
Generally, respiratory acidosis increases the intensity of muscle
blockade, whereas respiratory alkalosis decreases the ef-
fect.102–105 Both metabolic acidosis and alkalosis may potentiate
the effects of muscle relaxants and make it more difficult to an-
tagonize relaxant-induced muscle paralysis.102,103,105,106

Electrolyte Disturbances
Alterations in serum concentration of potassium, magnesium,
and calcium influence neuromuscular blockade. Decreases in ex-
tracellular potassium result in hyperpolarization of the end plate
and resistance to ACh-induced depolarization.107 A relative in-
crease in extracellular potassium lowers the resting membrane
potential, opposing the effect of the muscle relaxant.107 In-
creased serum magnesium concentrations compete with ionized
calcium, decreasing ACh release. Accordingly, in patients given
magnesium sulfate, the duration of action of muscle relaxants
may increase.108 Hypocalcemia decreases ACh release, muscle
action potential, and muscle contraction strength, thus increasing
the effect of the neuromuscular block.107,109 Typically, hypercal-
cemia decreases the effect of d-tubocurarine, pancuronium, and
possibly other NMBAs, resulting in a higher dose requirement to
achieve paralysis.107

Hypothermia
This generally slows drug elimination and decreases nerve con-
duction and muscle contraction. The overall clinical effect will
vary with the degree of hypothermia. Care is required when ad-
ministering muscle relaxants in cold environments. Doses may
need to be reduced to prevent prolonged paralysis.

Age
Youth is associated with altered dose requirements of muscle re-
laxants. Receptor immaturity and decreased clearance appears to
increase the potency of muscle relaxants in the young.110–112 On
the other hand, very young animals may require higher doses of
muscle relaxants because of increased extracellular fluid and a
larger volume of distribution when compared with adults. In ad-
dition, in younger animals, muscle relaxants usually have a faster
onset of action while neuromuscular function recovers more
quickly, so a lower dose of antagonist is usually required at the
termination of the procedure.113

Although the data from published studies are not always
clear-cut, old age may be associated with an increase in the ef-
fect of muscle relaxants, perhaps because of a lower volume of
distribution and decreased rate of clearance. In elderly human
patients, a delay in reversal and the need for higher doses of re-
versal agents are common, and likely attributable to slower
spontaneous recovery.114,115

Neuromuscular Disorders
Animals with neuromuscular disorders may exhibit unpre-
dictable responses to both depolarizing and nondepolarizing
muscle relaxants. Care should be taken when administering mus-
cle relaxants to patients with neuromuscular disorders or a his-
tory of muscle weakness or wasting.

Peripheral neuropathies may be classified as idiopathic, famil-
ial, metabolic, or immune mediated. In human patients, periph-
eral neuropathy may increase the effect of nondepolarizing mus-
cle relaxants because of neural damage and the possibility of
denervation-induced upregulation.116 These patients may also be
predisposed to succinylcholine-induced hyperkalemia.117

Diseases such as tick paralysis and botulism impair presynap-
tic release of ACh. Patients with presynaptic neuromuscular dis-
orders show an increased sensitivity to nondepolarizing muscle
relaxants. Myasthenia gravis is an autoimmune disease that
causes generalized muscle weakness from a decrease in the
number of ACh receptors on the motor end-plate muscle mem-
brane. ACh is released normally, but its effect on the postsynap-
tic membrane is reduced. Patients with myasthenia gravis may
be resistant to succinylcholine-induced paralysis, but are ex-
tremely sensitive to nondepolarizing relaxants and have an in-
creased sensitivity toward succinylcholine-induced phase II
block.118,119 Patients with myasthenia gravis do not appear to be
more sensitive to succinylcholine-induced hyperkalemia or ma-
lignant hyperthermia.120 From published reports of dogs with
myasthenia gravis, the initial dose recommendations of
atracurium and vecuronium are 0.1 mg/kg and 0.02 mg/kg, re-
spectively.121,122

Antimicrobial and Other Drug Interactions
The most notable effects on neuromuscular blockade occur with
the administration of polymyxin and aminoglycoside antimicro-
bials, but can also occur with tetracycline, lincomycin, and clin-
damycin. Polymyxins may depress postsynaptic sensitivity to
ACh and enhance channel block.123,124 Antagonism with either
neostigmine or calcium may be difficult and unreliable.124 Ami-
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noglycosides, such as gentamicin, kanamycin, neomycin, strep-
tomycin, and tobramycin, have a presynaptic site of action, as ev-
idenced by depressed ACh release. The ability to antagonize
blockade with calcium supports this mechanism and site of ac-
tion.124 Studies in anesthetized cats and horses given atracurium
have shown a significant decrease in twitch tension after admin-
istration of gentamicin (2 mg/kg intravenously [IV]), but recov-
ery times were not significantly changed.125,126 Cats given gen-
tamicin (10 mg/kg IV) during neuromuscular blockade have
shown a significant decrease in tibialis cranialis twitch re-
sponse.127 Furthermore, dogs given a single daily dose of gen-
tamicin (6 mg/kg IV as a bolus) had significantly decreased
twitch tension, while recovery time did not differ from that for
controls.128

Tetracycline administration presumably depresses ACh re-
lease through calcium chelation. The enhanced blockade is usu-
ally reversible with calcium, but not neostigmine, administra-
tion.124 The primary site of the inhibitory action of lincomy-
cin may be directly on the muscle. It may also have slight presy-
naptic and postsynaptic activity. This effect is poorly reversed
with neostigmine or calcium but partially reversed with 4-
aminopyridine.124 Clindamycin has a greater neuromuscular
blocking effect than lincomycin: The mechanism is direct inhi-
bition of the muscle, and reversal is difficult with either calcium
or neostigmine administration.124 Penicillins and cephalo-
sporins appear to have a negligible effect on overall neuromus-
cular function.124 Nevertheless, whenever an antibiotic is ad-
ministered to a patient also given a muscle relaxant, the
possibility of an enhanced block and/or residual paralysis
should be considered. Close patient monitoring is recommended
well into the recovery period.

Lithium administration may also increase or prolong neuro-
muscular blockade by competing with sodium and decreasing
ACh release. The effects of muscle relaxants have been potenti-
ated by numerous classes of drugs, including beta blockers, doxa-
pram, anticonvulsants, steroids, and H2-receptor antagonists.101

Monitoring Neuromuscular Blockade
Neuromuscular function should be monitored whenever a muscle
relaxant is administered. Appropriate monitoring will facilitate
proper dosing of both the muscle relaxant and its antagonist. To
prevent residual paralysis and muscle weakness in the recovery
period, it is critical that monitoring be continued until the func-
tion is fully restored. Evoked motor responses to peripheral nerve
stimulation are used to evaluate the degree of neuromuscular
blockade. Many handheld peripheral nerve stimulators are avail-
able (Fig. 15.3).

Sites of Stimulation
Sites for stimulation of peripheral motor nerves in dogs and cats
include the peroneal and ulnar nerves (Figs. 15.4 and 15.5). In
horses, the facial nerve and superficial peroneal nerve are most
commonly used (Figs. 15.6 and 15.7). Contact electrodes are
placed over the nerve to be stimulated, and the resultant motor re-
sponse is compared with the prerelaxant response.

Electrical Stimulation Characteristics
When monitoring neuromuscular function in veterinary patients,
there are standard methods for stimulating peripheral nerves. The
output from the peripheral nerve stimulator should be a square-
wave stimulus lasting 0.2 to 0.3 ms. Ideally, the output current of
the nerve stimulator should be adjustable, enabling a supramaxi-
mal impulse (i.e., a current slightly greater than that required to
elicit the maximum motor response) to be applied to the nerve. A
supramaximal stimulus ensures that all fibers in the nerve bundle
are depolarized. Since muscle fibers contract in an all-or-none
fashion, any subsequent changes in the evoked motor response
during supramaximal stimulation of the peripheral nerve are
caused by changes at the neuromuscular junction or muscle level,
not by loss of nerve fiber input.

Muscle Relaxants and Neuromuscular Blockade ● 429

Fig. 15.3. Peripheral nerve stimulator.

Fig. 15.4. Superficial peroneal nerve stimulation in a dog.



Pattern of Stimulation
Ideally, the peripheral nerve stimulator should have a variable
output and be capable of providing single-twitch, train-of-four,
tetanic, and double-burst patterns of stimulation. Examples of the
evoked muscle response to supramaximal stimulation before and
after administration of a muscle relaxant are presented in Fig.
15.8. Partial neuromuscular block with depolarizing and nonde-
polarizing relaxants modifies the recorded responses to these
stimulation patterns. These modified responses are summarized
in Table 15.2.

Single Twitch
When using the single twitch, the simplest form of nerve stimu-
lation, the degree of relaxation is assessed by dividing the elicited
response by the prerelaxant response. The prerelaxant response
is the twitch response measured immediately prior to the admin-
istration of the muscle relaxant. Since ACh release is decreased
by the prejunctional effects of the relaxant, the frequency of sin-
gle-twitch stimulation should be no greater than approximately
one twitch every 7 to 10 s.129 If the stimulus is applied too fre-
quently, the resultant twitch response will be artificially low,

causing inaccuracy in determination of the degree of relaxation.
Twitch response is not depressed until 75% to 80% of receptors
are blocked and will be abolished when approximately 90% to
95% of receptors are blocked.130

Train of Four
The train-of-four (TOF) pattern of stimulation is the delivery of
four supramaximal impulses over 2 s (2 Hz). The TOF can be re-
peated every 10 to 20 s without significant temporal effects. The
relaxation level is determined by comparing the ratio of the in-
tensity of the fourth twitch to the first twitch (T4/T1 ratio). Since
the TOF serves as its own control, it is not necessary to determine
baseline values prior to relaxant administration, although proper
stimulator function should be verified before paralysis. In the ab-
sence of neuromuscular blockade, the T4/T1 ratio will be 1.0.
After a nondepolarizing muscle relaxant is administered, when
approximately 70% of receptors are occupied the twitches will
fade, beginning with the fourth, followed by the third, second,
and first twitches.131 The dose of relaxant given will determine
the degree of fade, the strength of any remaining twitches, and
how long the twitches are absent. During recovery, the twitches
will reappear in reverse order. A T4/T1 ratio of 0.7 or greater is
associated with adequate clinical signs of recovery from the mus-
cle relaxant.132

During the phase I block from a depolarizing relaxant, the
TOF fade will be absent. However, repeat administration or con-
tinuous infusion of the depolarizing drug can cause a phase II
block. When this occurs, fade will be seen following a TOF stim-
ulus (Table 15.2).133

Tetanic Stimulation
Sustained muscle contraction is achieved by continuously deliv-
ering a high-frequency (50 Hz) supramaximal stimulus for 5 s.133

Partial neuromuscular blockade from nondepolarizing relaxant
administration will reduce tetanic height and cause fade.134 Al-
though this pattern of stimulation is helpful for detecting residual
neuromuscular blockade during the anesthetic recovery period, it
is important to remember that tetanic stimulation can be painful
for lightly anesthetized or conscious patients.135
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Fig. 15.5. Ulnar nerve stimulation in a dog.

Fig. 15.6. Facial nerve stimulation in a horse.

Fig. 15.7. Peroneal nerve stimulation in a horse.



Posttetanic Facilitation
Posttetanic facilitation is an increase in an evoked response from
a stimulus delivered shortly after tetanic stimulation. This is
thought to be caused by increased ACh release from the nerve
terminal, but other theories exist.130 It is characterized by either
an increase in twitch tension or a decrease in the degree of fade
in response to either a single-twitch, TOF, or double-burst pattern
of stimulation. Posttetanic facilitation is often the first clinical in-
dicator of recovery from neuromuscular blockade.136,137

Double-Burst Stimulation
Double-burst stimulation (DBS) is the delivery of two minite-
tanic bursts, two to four impulses each, delivered at a rate of 50
Hz and 750 ms apart. When DBS is used, a ratio of the response
to the second burst compared with the response to the first burst
(D2/D1) is calculated. DBS may be superior to TOF because not
only does DBS correlate highly to TOF when assessed via
mechanomyography, but fade is more readily seen with DBS
using both visual and tactile means.130 An additional advantage
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Fig. 15.8. Diagram showing differ-
ent peripheral nerve stimulation pat-
terns for monitoring neuromuscular
function (top panel). Under each pat-
tern is shown the characteristics of
the evoked muscle responses meas-
ured mechanically before (center
panel) and during (bottom panel)
partial block.

Table 15.2. Responses during partial neuromuscular blocka

Criteria Depolarizing Block Nondepolarizing Block Phase II Block

Fasciculation before onset of block Yes No —
Time for onset Short Longer —
Single twitch Depressed Depressed Depressed
Tetanic height Depressed Depressed Depressed
Tetanic fade Minimal or absent Present and marked Present and marked
Train-of-four fade Minimal or absent Present and marked Present and marked
Posttetanic facilitation Minimal or absent Present Present
Response to anticholinesterases Block is prolonged Block is antagonized Block is antagonized

aDistinguishing features of depolarizing, nondepolarizing, and succinylcholine–induced phase II block. The left column lists the different patterns of nerve
stimulation or other characteristic, and the second, third, and fourth columns list the respective responses in the presence of partial neuromuscular block.
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of DBS is that D1 is detectable at a deeper level of neuromuscu-
lar blockade than is T1.138

Quantifying Evoked Responses
Whenever a muscle relaxant is administered, neuromuscular
function must be monitored until normal neuromuscular function
is restored. Residual blockade during the recovery period can
cause serious complications. Proper monitoring provides infor-
mation about the degree and duration of neuromuscular block-
ade, and assures the observer that no residual blockade is present
prior to recovery from anesthesia. In veterinary patients, the most
common method used for assessing the degree of neuromuscular
blockade is visual observation of the evoked response from pe-
ripheral nerve stimulation. With experienced observers, visual
observation is adequate in most clinical situations. However,
more accurate evaluation of the depth and duration of block is
best achieved when the muscle response is recorded and meas-
ured. The two methods for accurately quantifying the evoked re-
sponse are mechanically recorded, where the twitch tension by
the muscle is measured using a force displacement transducer,
and electromyographically recorded, where the muscle action
potential is measured.

Mechanomyography
Mechanomyography (MMG) measures the evoked response of
the stimulated muscle by force translation. The use of this
method has been described in cats, dogs, horses, ponies, cows,
and llamas.45,125,126,139–141 With the limb immobilized, stimulat-
ing electrodes are placed over a peripheral nerve (peroneal or
ulnar). The force transducer is attached to a paw or hoof at a right
angle to the direction of muscle contraction. For maximum
evoked muscle-twitch tension, a resting tension of 100 to 300 g
should be applied. A supramaximal stimulus is applied to the
nerve by using a single-twitch, TOF, or double-burst stimulation
pattern. The resultant twitch tension can then be quantified. By
using MMG, the depth and duration of neuromuscular blockade
can be determined accurately. However, limitations make its use
in many clinical situations impractical. To prevent changes in
resting tension and twitch angle, the limb must be immobilized
and no movement should occur during the recording period.142

Electromyography
Electromyography (EMG) measures the compound action poten-
tial of muscle fibers contracting during a supramaximal stimulus
of a peripheral motor nerve. With the stimulating electrodes
placed over a peripheral nerve, the recording electrode is placed
over the innervation zone of the muscle, midway between its ori-
gin and insertion. Also required are a reference electrode, placed
over the insertion site, and a ground electrode, placed between
the other two electrodes. EMG has the advantage of requiring
less or no limb immobilization and no resting tension, and there
are more choices as to which muscles may be used.142 In a study
in dogs given atracurium, there was no statistical difference be-
tween MMG and EMG during TOF stimulation for either T1 or
T4/T1.143 The disadvantage of EMG is that it may be difficult to
obtain proper electrode placement for accurate results, particu-

larly in smaller patients. Until a standard method is developed
and validated for various species and sites of monitoring, MMG
will remain the gold standard for quantifying evoked responses.

Reversal of Neuromuscular Blockade
Nondepolarizing Blockade
As previously reviewed, acetylcholinesterase is present in high
concentrations at the neuromuscular junction. It hydrolyzes ACh
into choline and acetic acid, terminating the effects of ACh. The
effects of nondepolarizing muscle relaxants are antagonized by
administering an anticholinesterase (also known as an acetyl-
cholinesterase inhibitor). This class of drugs inhibits the enzyme
acetylcholinesterase, increasing the concentration of ACh mole-
cules at the neuromuscular junction. Since nondepolarizing mus-
cle relaxants and ACh compete for the same postsynaptic bind-
ing sites, the ACh increase can tip the balance of competition in
favor of ACh, and neuromuscular transmission is restored.

The anticholinesterase drugs used to antagonize neuromus-
cular blockade include edrophonium, neostigmine, and pyri-
dostigmine. They differ in how they inhibit acetylcholinesterase
activity. Edrophonium produces a reversible inhibition by elec-
trostatic attachment to the anionic site and by hydrogen bonding
at the esteratic site on acetylcholinesterase. The action of edro-
phonium is relatively brief because a covalent bond is not formed
and ACh can easily compete with edrophonium for access to the
enzyme. Neostigmine and pyridostigmine inhibit acetylcholine-
sterase by forming a carbamyl-ester complex at the esteratic site
of acetylcholinesterase. This bond lasts longer when compared
with the bond of the enzyme with ACh, thereby preventing
acetylcholinesterase from accessing ACh.

The reversal agents vary in their onset of action. In order from
the shortest to the longest onset is edrophonium < neostigmine <
pyridostigmine. In human patients, neostigmine is 4.4 times
more potent than pyridostigmine and 5.7 times more potent than
edrophonium for reversal of nondepolarizing neuromuscular
blockade.144 The duration of action is similar for both neostig-
mine and edrophonium, whereas that of pyridostigmine is ap-
proximately 40% longer.144,145 In cats, neostigmine is 12 times
more potent than edrophonium.146

Antiacetylcholinesterase agents are primarily metabolized by
the liver, with hepatic biotransformation eliminating 50% of a
neostigmine dose, 30% of an edrophonium dose, and 25% of a
pyridostigmine dose. Renal excretion eliminates the remainder of
the drug. Patients with renal failure will have prolonged elimina-
tion of an anticholinesterase drug.

The ACh accumulation following the administration of an anti-
cholinesterase drug is not specific to the neuromuscular junction.
While nicotinic effects occur at the neuromuscular junction and
autonomic ganglia, muscarinic cholinergic effects occur because
of inhibition of acetylcholinesterase at the sinus node, smooth
muscle, and glands. Clinical effects of increased ACh concentra-
tions at these sites include bradycardia, sinus arrest, bron-
chospasm, miosis, intestinal hyperperistalsis, and salivation. For
this reason, it is advised that an anticholinergic drug, either at-
ropine or glycopyrrolate, be administered immediately prior to re-
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versal of neuromuscular blockade with an anticholinesterase.
When choosing between atropine and glycopyrrolate, one must
consider that atropine has a faster onset of action, which is more
likely to cause an initial tachycardia, and will cross the blood-
brain and blood-placental barriers. Compared with neostigmine
and pyridostigmine, the muscarinic effects of edrophonium are
mild, so it may be chosen for reversal when one wants to avoid the
use of an anticholinergic. For example, edrophonium is frequently
chosen in equine patients because anticholinergic drug administra-
tion has been associated with the development of ileus and colic.

Depolarizing Blockade
Recovery from succinylcholine (phase I block) is rapid and spon-
taneous because of succinylcholine hydrolysis by plasma
cholinesterases. Recovery may be delayed in patients with de-
creases in plasma cholinesterase levels or activity. The adminis-
tration of an anticholinesterase would actually prolong the depo-
larizing block.147 On the other hand, a phase II block from
succinylcholine can be antagonized similarly to the nondepolar-
izing muscle relaxants, emphasizing the need for determining the
type (phase I or phase II) of block present when using succinyl-
choline (Table 15.2).148,149

Centrally Acting Muscle Relaxants
Guaifenesin is used routinely as a muscle relaxant in large ani-
mal species. Its mechanism of action is to disrupt nerve impulse
transmission at the level of the internuncial neurons of the spinal
cord, brain stem, and subcortical areas of the brain. At therapeu-
tic doses, skeletal muscle relaxes, but there is little effect on the
respiratory muscles or diaphragm. Guaifenesin does not provide
analgesia or produce unconsciousness. Therefore, it should not
be used alone for any painful surgical or diagnostic procedure.
No antagonist is available to reverse the muscle relaxant effects
of guaifenesin.

Guaifenesin is commercially available as either a powder,
which is reconstituted to the desired concentration with sterile
water, or as a ready-made solution. Concentrations of 5%, 10%,
and 15% have been used, with a 5% solution in 5% dextrose
being the most common. Guaifenesin administered intravenously
in high concentrations (>10%) can cause hemolysis, hemoglo-
binuria, and venous thrombosis.150 Tissue can be damaged if
guaifenesin is inadvertently administered perivascularly.150

The cardiopulmonary effects of guaifenesin, alone or in com-
bination with xylazine, ketamine, or thiobarbiturates, have been
studied in horses. When guaifenesin is given alone, heart rate,
respiratory rate, right atrial pressure, pulmonary arterial pressure,
and cardiac output are unchanged. Systolic, diastolic, and mean
arterial pressures are decreased. Xylazine (1.1 mg/kg IV), given
prior to guaifenesin administration, reduced the dose necessary
to achieve lateral recumbency (88 ± 10 mg/kg) compared with
guaifenesin alone (134 ± 34 mg/kg). The addition of xylazine
typically decreases heart rate, respiratory rate, cardiac output,
and arterial oxygen partial pressure (PaO2). Central venous pres-
sure increases, whereas systolic, diastolic, and mean arterial
blood pressures commonly decrease.151,152

Guaifenesin can be combined with thiopental for both induc-
tion and maintenance of anesthesia in horses. Following premed-
ication with either xylazine or acepromazine, a combination of
guaifenesin and thiopental (2 to 3 g of thiopental in 1 L of 5%
guaifenesin) is given for induction or, alternatively, guaifenesin is
given until the horse is wobbly and buckling at the knees, and
then a bolus of thiopental (4 mg/kg) is administered. Short peri-
ods of anesthesia (<1 h) can be maintained by a continuous infu-
sion of the guaifenesin-thiopental combination.

A significant amount of guaifenesin crosses the placental bar-
rier in pregnant mares.152 Stallions may have up to 1.5 times
longer action compared with mares. The longer recovery time in
male horses is attributed to slower drug elimination from the
plasma.153

Guaifenesin has also been combined with thiobarbiturates or
ketamine for use in cattle, small ruminants, and swine.154,155 Al-
though guaifenesin has been used in dogs, the large volume re-
quirement makes it impractical for routine use in this species.156

However, when combined with a thiobarbiturate or ketamine-
xylazine, guaifenesin has proven an effective component when
immobilizing dogs.157

Peripherally Acting Muscle Relaxants
Dantrolene is a hydantoin derivative that interferes with excita-
tion-contraction coupling, thus relaxing skeletal muscle through
a decrease in the amount of calcium released from the sarcoplas-
mic reticulum. Therapeutic doses do not adversely affect cardiac
or smooth muscle and do not depress respiration.158 Dantrolene
is the drug of choice for the treatment of malignant hyperthermia.
In swine, the recommended dose is 1 to 3 mg/kg IV when treat-
ing a malignant hyperthermia crisis and 5 mg/kg orally for pro-
phylaxis.159 Dantrolene is supplied in 20-mg vials in powder
form with 3 g of mannitol to improve solubility. It is reconsti-
tuted using 60 mL of sterile water to achieve a concentration of
0.33 mg/mL. The oral preparation comes in 50-mg capsules.

The prophylactic use of dantrolene in animal patients prone to
malignant hyperthermia is no longer routinely recommended.
Pretreatment with dantrolene prior to anesthesia does not guaran-
tee effective blood levels and, in equine patients, may produce
unwanted skeletal muscle weakness during the recovery period.
In susceptible patients, an anesthetic regimen using nontrigger-
ing anesthetics should be used, and dantrolene should be imme-
diately available. However, the intravenous preparation of
dantrolene may be cost prohibitive and not economically justifi-
able for many veterinary clinics to keep in stock. Most human
hospital pharmacies have the intravenous formulation and may
sell the needed amount to the veterinary clinic when required.
Compounding the oral preparation for intravenous use has been
described. The process is complex and time consuming, but
dantrolene powder can be stored for rapid reconstitution during a
malignant hyperthermia crisis.160,161

Metabolism of dantrolene is via the liver through oxidative and
reductive pathways. Metabolites and the unchanged drug are ex-
creted in the urine. Dantrolene can cause muscle weakness, nau-
sea, and diarrhea. Fatal hepatitis has occurred in human patients
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after chronic treatment with dantrolene.162 Severe myocardial
depression has been reported when dantrolene is administered
concurrently with verapamil or other calcium channel block-
ers.163,164 Synergism, resulting in a delayed recovery of neuro-
muscular function, has been observed with dantrolene and ve-
curonium coadministration.165
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Introduction
When providing anesthesia and analgesia to animals, veterinari-
ans often administer combinations of drugs without fully appreci-
ating the possible interactions that may and do occur. Many inter-
actions, both beneficial and harmful, are possible, considering the
number of drugs that are coadministered. Although most veteri-
narians view drug interactions as undesirable, modern anesthesia
and analgesic practice emphasizes the use of drug interactions for
the benefit of the patient (multimodal anesthesia or analgesia).

A distinction should be made between drug interactions that
occur in vitro (such as in a syringe or vial) from those that occur
in vivo (in patients). Interactions and incompatibilities may occur
as a consequence of mixing drugs in the same vial or syringe
prior to administration, or when drugs interact in patients. Veteri-
narians frequently mix drugs together (compound) in syringes,
vials, or fluids before administration to animals. In vitro reac-
tions, also called pharmaceutical interactions, may form a drug
precipitate or a toxic product or inactivate one of the drugs in the
mixture. In vivo interactions are also possible, affecting the phar-
macokinetics (absorption, distribution, or elimination) or the
pharmacodynamics (mechanism of action) of the drugs and can
result in enhanced or reduced pharmacological actions or in-
creased incidence of adverse events.

Drug interactions usually result from administration of (a) two
drugs in one formulation, as a fixed-dose mixture; (b) two drugs
in separate formulations simultaneously; (c) a second drug dur-
ing prolonged use of the first drug; and (d) two drugs at specific

time intervals. Drug interactions can be classified as either phar-
macokinetic or pharmacodynamic. Pharmacokinetics refers to
what the body does to drugs, and pharmacodynamics refers to
what drugs do to the body. Pharmacokinetic interactions produce
changes in drug concentration at the receptor site by altering ab-
sorption, elimination, or distribution. Pharmacodynamic interac-
tions occur when one drug alters the response to another.

In vitro Drug Interactions
Acid-Base Interactions
Mixing drugs or solutions that vary in pH or acid-base character-
istics may result in an incompatible mixture because of opposi-
tion of charge (anion-cation) or interference with the stability of
a solution because of acid-base interactions. For example, drugs
formulated as hydrochloride salt (HCl) are done so to maintain a
pH balance that will ensure that the drug is soluble in an aqueous
solution. The HCl may also be critical for the solubility and sta-
bility of the compound. If the solution is alkalinized by adding
bicarbonate or other bases, the compound may become unstable
or precipitate.

The pH of common intravenous fluids is lower than many cli-
nicians appreciate. For example, 0.9% sodium chloride and 5%
dextrose solutions can have a pH as low as 3 (Table 16.1).1 A
drug added to a bag containing an acidic solution may lose activ-
ity or precipitate if alkalinity is needed for drug stability or solu-
bility. The pH values of common intravenous solutions are listed
in Table 16.1.

Chemical Incompatibilities
These reactions occur as a result of chemical interactions among
active ingredients, inactive ingredients, vehicles, and preserva-
tives. Veterinarians should not admix drug solutions without first
consulting a pharmaceutical reference2,3 or the drug manufac-
turer. The drugs listed in Table 16.2 have often been cited as being
incompatible with other drugs or solutions. Interactions with in-
jectable drugs can be found in Trissel’s book of interactions or the
USP Drug Information, volume 1.2,3 Signs of interactions and in-
compatibilities can include haziness of the solutions, precipita-
tion, bubble formation, or a color change. Some interactions cause
drug hydrolysis and oxidation, for example, sympathomimetic
catecholamines, such as dobutamine, dopamine, or epinephrine
may oxidize to a slight pink without significant loss of potency.
However, if the color changes to brownish, it should not be used
because this is a sign of significant oxidation.
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Solutions
These may be incompatible with other solutions because of ionic
interactions. For example, sodium bicarbonate (NaHCO3) reacts
with calcium-containing solutions, forming calcium carbonate.
Admixing tetracyclines with calcium-containing solutions results
in precipitation. In general, hydrochloride salts (e.g., dobutamine
HCl, dopamine HCl, and epinephrine HCl) should not be mixed
with alkaline solutions. Vitamin B1 (thiamine hydrochloride) is
unstable in alkaline solutions and should not be mixed with alka-
linizing solutions, carbonates, or citrates.
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Table 16.1. Common fluid solutions and components.

Fluid Na+ K+ Ca2+ CI– pH

0.9% Saline 154 0 0 154 4.5–5.7
0.45% Saline 77 0 0 77 4–7
Ringer’s solution 147 4 4.5 156 5.0–7.5
Lactated Ringer’s 130 4 3 109 6.0–7.5
5% Dextrose (D5W) 0 0 0 0 3.2–6.5

D5W, 5% dextrose solution.

Table 16.2. Anesthetic drug in vitro incompatibilities with other drugs and solutions.

Compatibility with Compatibility with 
Drug Other Drugs Fluid Solutions Important Considerations

Bupivacaine HCl

Buprenorphine
Butorphanol

Calcium chloride

Dexamethasone 
sodium phosphate

Diazepam

Dobutamine HCl

Dopamine HCl

Epinephrine HCl

pH 4.0–6.5.
Avoid strongly acid or alkaline so-

lutions.
Sodium bicarbonate has been

added to local anesthetics just
prior to administration to de-
crease pain from injection.

Raising the pH will accelerate the
onset of anesthetic action.

Do not mix with sodium barbitu-
rates.

Will precipitate with sodium bicar-
bonate.

pH 7.0–8.5.
Do not mix with acidifying solu-

tions.
pH 6.2–6.9.
Hydrolysis will occur if combined

with low pH solutions.
Precipitation will occur with aque-

ous solutions.

pH 2.5–5.5.
Do not mix with alkalinizing drugs.

pH 2.5–5.0.
Do not mix with alkalinizing solu-

tions.
pH of solution is acidic.
It is destroyed by mixing with alka-

line drugs.

Compatible with fluid solutions.

Infuse with sodium chloride.

Compatible with most IV solutions.

Precipitation occurs when mixed
with water-based (aqueous)
solutions.

Ringer’s based solutions and dex-
trose will cause precipitation. 

Do not mix with alkaline solutions.
Compatible with most fluid solu-

tions.

Do not mix with alkaline fluids.
Compatible with most fluid solu-

tions.
Incompatible with alkaline solu-

tions and oxidizing solutions.

Do not use if solution becomes
cloudy, yellow, or pink.

If pH is adjusted (e.g., pH 6–7)
with alkalinizing solutions, the
drug is stable if used soon after
mixing.

Protect from light.

Do not mix with compounds
known to chelate with calcium.

Protect from light.
There is no loss if stored in hard

plastic syringe.
However, if stored in soft plastic

(PVC) infusion bags or tubing,
significant sorption will occur
(e.g., 80%–90% in 24 h).

Slight pink tinge to solution can
occur without loss of potency,
but do not use if solution turns
brown.

Do not use if solution turns color.

Do not mix with bicarbonates, ni-
trates, citrates, and other salts.

It is compatible with plastic in sy-
ringes.

When solution becomes oxidized,
it turns brown.

Do not use if this color change is
observed.
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Table 16.2. Anesthetic drug in vitro incompatibilities with other drugs and solutions (continued).

Compatibility with Compatibility with 
Drug Other Drugs Fluid Solutions Important Considerations

Fentanyl citrate

Furosemide 

Glycopyrrolate

Heparin sodium

Hydromorphone HCl

Isoproterenol HCl

Ketamine HCl

Lidocaine

Lorazepam

Meperidine HCl

Midazolam HCl

Morphine sulfate

Nitroglycerin

Oxymorphone HCl

Pentobarbital sodium

pH of solution, 8.0–9.8.
Stable with alkaline drugs, but do

not mix with acidifying drug
solutions with pH < 5.5

Acidic pH (2–3).
Do not mix with drugs that will al-

kalinize the solution.
Heparin is acidic and will react

with some basic compounds. 

Do not mix with diazepam or bi-
carbonate.

Acidic solution.
Do not mix with alkaline solutions

such as barbiturates.
Avoid mixing ketamine and di-

azepam.
pH of solution, 5–7.
Compatible with most drugs.
It can be alkalinized to pH 7.2

without loss of stability.

Compatible with most drugs.

pH of solution, ca. 3.0.
Increasing the pH to >7 will result

in drug loss.
pH of solution, 3.5–7.0.
Stable at low pH, but degradation

will occur at pH > 7. 
pH of solution, 3.0–6.5.
Do not mix with other drugs.

pH of solution, 2.7–4.5.
Compatible with most drugs. 
pH of solution is 9.0–10.5.
It will precipitate if combined with

most hydrochloride-based drugs
or anything with low pH.

Alkaline solution will affect other
coadministered drugs.

Compatible with most fluid solu-
tions. 

Do not mix with acidic solutions. 

Do not mix with alkaline solutions
(pH > 6.0).

Compatible with most other fluids.
Infuse with dextrose solutions.

Stable in most fluid solutions. 

Compatible with dextrose and
saline solutions.

Compatible with saline and dex-
trose solutions. 

Stable in fluids, including dextrose
solution.

Compatible with fluid solutions
such as dextrose and saline.

Compatible with most fluid solu-
tions.

Compatible with fluid solutions.

Stable in most fluids (dextrose and
saline solutions).

Compatible with most fluid solu-
tions.

Compatible with most fluid solu-
tions.

No loss measured when stored in
plastic infusion sets.

Compatible in plastic syringes and
infusion sets.

No loss occurs in various solutions.
No sorption to plastic has been re-

ported. 

Degradation occurs at pH > 6.0. 

Solution may turn slightly dark,
which does not affect potency. 

Aqueous solution is stable in mildly
acid and alkaline conditions.

If pH is adjusted (e.g., pH 6–7)
with alkalinizing solutions, the
drug is stable if used soon after
mixing.

No sorption to plastic syringes has
been reported.

Dilute solution for IV use.
There is significant sorption to

PVC containers.
Compatible with plastic syringes.

No sorption with plastic or fluid
containers is reported.

No sorption to plastic has been re-
ported.

Sorption to containers, especially
PVC plastic, is extensive and
will result in significant loss.

Aqueous solutions are not stable.
Will precipitate readily in solutions

with low pH. 

(continued)
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Table 16.2. Anesthetic drug in vitro incompatibilities with other drugs and solutions (continued).

Compatibility with Compatibility with 
Drug Other Drugs Fluid Solutions Important Considerations

pH of solution, 9.2–10.2.
It will precipitate if combined with

most hydrochloride-based drugs
or anything with low pH.

Alkaline solution will affect other
coadministered drugs.

pH of solution, 10.0–12.3.
Do not mix with acidifying drugs.
pH of solution, 7.0–8.5 and lower

(depends on manufacturer). 

Alkaline solution; pH 7.0–8.5.
Do not mix with acid solutions.

pH of solution, 3.5–6.0. 

pH of solution, 10–11.
If not kept at alkaline pH, precipi-

tation will occur. 

Compatible with fluid solutions
such as dextrose and saline.

Do not mix with solutions that
contain calcium (e.g., Ringer’s)
or precipitation may occur.

Dextrose solution is recom-
mended for infusion.

Will precipitate readily in solutions
with low pH. 

Will precipitate readily in solutions
with low pH. 

Oil and water emulsion formulation
that will encourage microbe
growth.

Do not freeze.
More stable in glass than in plastic.

Very sensitive to light.
Cover with foil during infusion. 
Reconstituted solution is stable for

only 3 days at room temperature
or 7 days refrigerated.

Phenobarbital sodium

Phenytoin sodium

Propofol

Sodium bicarbonate

Sodium nitroprusside

Thiopental sodium

HCl, hydrochloride; IV, intravenous; and PVC, polyvinyl chloride.

Diazepam
Diazepam is notorious for its instability in solutions and its abil-
ity to adsorb to plastic containers. Diazepam is formulated in or-
ganic solvents (e.g., propylene glycol, ethanol, and benzyl alco-
hol) and is not soluble in aqueous solutions. If the diazepam
solution is added to an aqueous solution, it will become hazy or
precipitate unless the solution is very dilute (e.g., 1:50 to 1:100).
In addition, diazepam is known to adsorb to soft plastic contain-
ers, such as those composed of polyvinyl chloride (e.g., PVC in-
fusion bags and plastic tubing). Heparin, when used in flush so-
lutions, is physically incompatible with diazepam.

Changes in pH That Affect Drug Stability or
Solubility
According to the USP-NF,3 improper pH ranks with exposure to
elevated temperature as a factor most likely to cause a clinically
significant loss of drug efficacy. A drug solution or suspension
may be stable for days, weeks, or even years in its original for-
mulation, but when mixed with another liquid that changes the
pH, it can degrade in minutes, hours, or days. A pH change of 1
unit might decrease drug stability by a factor of 10 or greater.
These types of interactions are more likely at the extremes of pH,
for example outside the range of 4 to 8 (see Table 16.2 for pH
values of commonly used anesthetic and adjunctive drugs). Some
drugs undergo epimerization (steric rearrangement) when ex-

posed to a pH range higher than the optimum for the drug. Other
drugs are oxidized, which is catalyzed by high pH, rendering the
drug inactive. Oxidation is often visible through a color change.

Some drugs are alkaline when in solution and will raise the pH
of other admixed drugs, resulting in instability or precipitation.
Examples of drugs that will increase the pH of solution above 6
are sodium bicarbonate, barbiturates, alkaline-buffered antibi-
otics, and aminophylline. Barbiturates are notable because the al-
kalinity of their solutions. Sodium salts of barbiturates in solu-
tion (e.g., pentobarbital sodium, phenobarbital sodium, or
sodium thiopental) have a pH of approximately 10. If mixed with
any solution that lowers the pH, for example, a hydrochloride-
based solution, precipitation will occur instantly.

In vivo Drug Interactions
These are reactions that occur in patients when more than one
drug is administered. Studies in people have demonstrated that,
as the number of drugs coadministered to a patient increases, the
incidence of drug interactions also increases. The consequences
of drug interactions are most severe for drugs that have a narrow
therapeutic index (i.e., when the ratio of toxic dose to effective
dose is small). In vivo drug interactions may change drug absorp-
tion, drug disposition, biotransformation, and excretion (pharma-
cokinetic interactions).



Pharmacokinetic Drug Interactions
These interactions include (a) alteration in absorption, (b) alter-
ation in drug-biotransformation enzymes, (c) alteration in protein
binding, (d) changes in renal or hepatic clearance, and (e)
changes in drug distribution.

Absorption (Systemic Availability)
Most patients undergoing anesthesia are fasted; however, oral
medications are occasionally administered in the immediate pe-
rioperative period (e.g., orally administered nonsteroidal anti-
inflammatory drugs [NSAIDs]). Most anesthetic and anesthetic
adjunctive drugs (e.g., opioids) slow gastrointestinal motility and
can delay passage of drugs to the small intestine, where most oral
drugs are absorbed. Some drugs require an acidic environment to
dissolve before gastrointestinal absorption. Antacid compounds,
proton-pump inhibitors (omeprazole), or H2-receptor blockers
(famotidine, ranitidine, and cimetidine) can suppress stomach
acid production, which may decrease the absorption of other
drugs. There are few documented examples where this type of in-
teraction has affected analgesic or anesthetic drug efficacy, how-
ever. It is well documented that orally administered antifungal
and antibiotic drugs are affected by stomach acidity. It should be
noted that fasted animals have a higher stomach pH than normal
and often in the same range as animals administered an H2
blocker or proton-pump inhibitor.4

Divalent cations (Mg2+ and Ca2+) in antacid drugs will bind to
tetracyclines and prevent absorption from the gastrointestinal
tract. Divalent and trivalent cations, especially Fe3+, Ca2+, Mg2+,
and Al3+, can bind to and prevent absorption of fluoroquinolone
antibiotics. Gastrointestinal protectants, such as sucralfate
(which contains aluminum) and antacids (containing Mg2+

and/or Al3+), will decrease absorption of fluoroquinolone antibi-
otics (e.g., enrofloxacin and ciprofloxacin) and tetracyclines.

Alteration in absorption as a desirable drug interaction is best
demonstrated by the practice of adding epinephrine to local anes-
thetic solutions. Epinephrine prolongs the duration of local anes-
thetic action by reducing blood flow (secondary to epinephrine-
induced vasoconstriction) and thus delaying systemic absorption
of the local anesthetic. The second gas effect represents enhanced
absorption from the alveoli of volatile anesthetics administered
with nitrous oxide. Rapid absorption of nitrous oxide concen-
trates the other anesthetic in the alveoli, thereby enhancing ab-
sorption of the volatile agent.

EMLA cream (lidocaine 2.5% and prilocaine 2.5%) is an in-
teresting example of a physical change that occurs when two
drugs are mixed with a resulting favorable impact on absorption.
The cream contains equal parts of the local anesthetics lidocaine
and prilocaine that combine to produce a eutectic mixture.
Neither local anesthetic is effective when applied to unbroken
skin, but the eutectic mixture can penetrate skin.

Interactions Involving the Multidrug
Resistance Efflux Pump
The multidrug resistance (MDR) efflux pump, also known as P
glycoprotein (P-gp), is coded for by the MDR gene(s) and can be

involved in several important drug interactions.5,6 The P-gp is lo-
cated in membranes and is responsible for pumping drug com-
pounds across a membrane and out of the cell. P-gp can be pro-
tective (e.g., removing ivermectin from the central nervous
system [CNS]) or lead to decreased drug effectiveness (e.g.,
chemotherapeutic drug resistance in cancer cells).

P-gp is responsible for pharmacokinetic changes because it is
located in the intestine, biliary tract, liver, placenta, and blood-
brain barrier (BBB). The best-known pharmacokinetic effects are
(a) the pumping of drugs into the intestinal lumen, thereby de-
creasing systemic absorption and increasing drug clearance from
the body; and (b) the P-gp, located in the BBB, that affects the
CNS uptake and elimination of certain compounds. P-gp is an in-
tegral part of the BBB and participates in neuroprotection of the
brain by regulating drug entry.7 Because P-gp is located also in
the gastrointestinal tract, placenta, and kidneys, among other or-
gans, inhibition of P-gp by ketoconazole, cyclosporine, calcium-
channel blockers (diltiazem), and antiarrhythmics (lidocaine and
quinidine) may have a variety of consequences.8 In some cases,
drugs such as cyclosporine can be both a substrate and an in-
hibitor of P-gp (see Table 16.3). Rifampin and corticosteroids
can act as inducers (they increase the activity) of P-gp.

Ketoconazole can inhibit P-gp in the intestine and increase
oral absorption of other drugs, including cyclosporine. Con-
current administration of ketoconazole has been known to de-
crease dose requirements for cyclosporine by one-third. Cyclo-
sporine may inhibit P-gp in the BBB and increase the CNS
concentration of some drugs, such as those within the avermectin
group. There are anecdotal reports of dogs developing clinical
signs consistent with avermectin toxicosis after having received
both cyclosporine and avermectin-like drugs.

There have been no reports of anesthetic drugs affecting P-gp
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Table 16.3. Substrates and inhibitors of P glycoprotein that may
affect anesthetic drug actions.

P-glycoprotein substrates
Opiates (loperamide, morphine)
Digoxin
Quinidine
Ivermectin
Verapamil
Antihistamines 
Cyclosporine
Doxorubicin
Diltiazem

P-glycoprotein inhibitors
Ketoconazole
Erythromycin
Cyclosporine
Grapefruit juice
Fluoxetine
St. John’s wort
Paroxetine
Verapamil
Quinidine



interactions. However, because inhibition of P-gp influences the
BBB, clinicians should be aware of the potential for exaggerated
CNS anesthetic effects when an animal has received a P-gp in-
hibitor. Some opiates are substrates for P-gp in the BBB, al-
though this is less established in the veterinary species of inter-
est. However, an exaggerated CNS response (e.g. sedation or
respiratory depression) might result from administration of an
opiate and an inhibitor of P-gp.

Interactions That Affect Hepatic Drug
Clearance
Changes in hepatic clearance are usually a consequence of
changes in hepatic blood flow, although other actions (e.g., ef-
fects on microsomal enzyme activity) can result from one drug
influencing the metabolism of another. Blood-flow changes are
most noted when the liver extracts a high fraction of drug from
the blood presented to it. Drugs most affected are those known as
high clearance drugs. Lidocaine, meperidine, and opiates (e.g.,
morphine, oxymorphone, and hydromorphone) are examples of
analgesic drugs that have high hepatic extractions. Inhalational
anesthetics, such as halothane, can reduce liver blood flow.

Many drugs must be biotransformed by microsomal enzymes
in the liver to make them more water soluble for excretion into
the bile or urine. Drugs metabolized by the liver can undergo
phase I or phase II reactions. Phase I reactions metabolize the
drug to a more water-soluble compound. These reactions often
are oxidative, but other reactions, such as reduction, also occur.
Phase II reactions occur via conjugation. The best-known exam-
ple is that of conjugation with glucuronic acid, but other conju-
gation reactions with amino acids, acetyl groups, and sulfates are
possible. Drugs that affect the liver’s biotransformation enzymes
can cause clinically significant drug interactions.

Cytochrome P-450 Family of Enzymes
The cytochrome P-450 (CYP) enzymes have been studied in
great detail in humans, and a family of these enzymes have been
identified that participate in the metabolism of drugs. The CYP-
3A4 enzymes are probably the most important of this group be-
cause they have the largest number of substrates (about half the
drugs currently prescribed clinically). However, CYP-2D6,
CYP-1A2, CYP-2C9, and CYP-2C19 also can be important for
drug metabolism. The presence and significance of these en-
zymes in domestic animals have not been documented nearly as
well. Animals also have these families of enzymes, although the
activity of each group is not the same.9 Of the species compared
(dogs, cats, and horses), none of them resemble the same pattern
as humans.

Microsomal Enzyme Induction
Drugs and compounds can increase hepatic microsomal (cy-
tochrome P-450) enzyme activity. Since some of these enzymes
are found in intestine as well as the liver, enzyme induction can
cause faster biotransformation, resulting in lower oral bioavail-
ability and/or faster plasma clearance. The enzymes most com-
monly affected by induction are the mixed-function oxidases
(phase I oxidation reactions). Enzyme induction causes an in-

crease in activity as well as an increase in enzyme content within
the endoplasmic reticulum.

Some drugs are specific in their inducing ability. For example,
a drug may induce one group of enzymes without affecting an-
other. The drugs that are most affected by enzyme inhibition are
those that undergo metabolism by hepatic enzymes and are lipid
soluble. Affected drugs usually have a low hepatic extraction
ratio. The time for induction to occur is usually 2 to 3 weeks after
initial exposure, and it may take weeks to months for enzyme ac-
tivity to return to normal after the inducing drug is withdrawn.
Potential enzyme inducers are listed in Table 16.4.

Microsomal Enzyme Inhibition
Hepatic microsomal enzymes responsible for drug biotransfor-
mation may be inhibited by certain drugs and compounds.
Inhibition usually occurs via competitive binding to form an in-
active drug-enzyme complex. Inhibition almost immediately fol-
lows drug exposure. In many cases, a metabolite of the drug is re-
sponsible for enzyme inhibition. Noncompetitive inhibition is
also possible when a drug is not a substrate for the enzyme, but
alters its function in some manner.

Examples of drugs that inhibit microsomal enzymes are listed
in Table 16.5. Some of the microsomal enzyme inhibition–
mediated drug interactions that have been described in veterinary
patients include cimetidine inhibition of theophylline metabo-
lism, chloramphenicol inhibition of barbiturate metabolism, ke-
toconazole inhibition (by as much as 85%) of cyclosporine me-
tabolism, ketoconazole inhibition of prednisolone metabolism,
and ethanol or 4-methyl-pyrazole inhibition of alcohol dehydro-
genase, which converts ethylene glycol to toxic metabolites (this
effect is used to treat toxicosis). One well-known example of
enzyme inhibition that has clinical consequences in people is the
inhibition of acetaminophen metabolism following alcohol con-
sumption. This inhibition can lead to accumulation of hepato-
toxic metabolites that form via other pathways.

During the anesthetic period, the nature of enzyme inhibition
is important to patients that receive drugs requiring hepatic bio-
transformation to terminate their effect. For example, if there is
concurrent enzyme inhibition, the risks of anesthesia may be al-
tered. Veterinarians should be cognizant of the potential prob-
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Table 16.4. Cytochrome P-450 inducers.

Chlorinated hydrocarbons
Diazepam (Valium)
Diphenhydramine
Estrogens
Griseofulvin
Hyperthyroidism
Pentobarbital
Phenobarbital
Phenylbutazone
Phenytoin (Dilantin)
Progestogens
Rifampin



lems that may occur if they administer or prescribe a drug that
has enzyme-inhibiting effects when also administering anesthet-
ics. Fortunately, clearance of inhalant anesthetics and drugs
cleared via renal excretion are usually not directly affected.

Interactions That Involve Drug Protein Binding
Alterations in protein binding occur but are rarely of clinical sig-
nificance. Drugs exist in unbound (free) and bound forms in the
blood. The free form is generally immediately available to exert
pharmacological effects, but the bound form is not. Drug dis-
placed from protein distributes rapidly into tissue and is available
for biotransformation and excretion. The net effect of a displace-
ment interaction is usually small, transient, and frequently un-
recognized.

Some drugs are known to compete for binding sites on albu-
min and other proteins, altering the unbound fraction of a second
drug. For most drugs, the amount of protein (and protein-binding
sites) in the plasma greatly exceeds the number of drug mole-
cules in the plasma, and binding is rarely saturated. Interactions
that involve displacement of protein-bound drugs are therefore
rare unless there is severe hypoproteinemia or the drug is so
highly protein bound that it occupies most of the binding sites.
Only drugs that are highly protein bound (usually defined as ap-
proximately 80% to 85% or greater bound), exhibit high clear-
ance rates, and have a low therapeutic index are likely to be in-
volved in protein-binding interactions of clinical significance.
Two recent reviews illustrate that drug protein-binding interac-
tions have minimal consequences in most situations of multiple-
drug administration.10,11 Although changes in plasma protein
binding may have an important influence on individual pharma-
cokinetic parameters, changes in plasma protein binding will
usually not greatly influence the clinical exposure of a patient to
a drug.11

Pharmacodynamic Drug Interactions
These interactions include drug interactions at the same receptor
sites or at different sites. In anesthesiology, pharmacodynamic
interactions are frequently used clinically, and pharmacokinetic
interactions much less often. Pharmacodynamic interactions of
marked clinical significance can affect the cardiovascular, respi-

ratory, and central nervous systems, as well as the neuromuscu-
lar junction and metabolism.

It is also common to give drugs that interact to produce com-
plementary effects, to reduce side effects, or to terminate an ef-
fect of a drug. Some examples of these types of desirable inter-
action are (a) the systemic administration of an opioid to reduce
the concentration of inhalation agent required to prevent patient
response to a noxious stimulus, (b) atropine administration to re-
duce or prevent the muscarinic effects (e.g., salivation or brady-
cardia) of anticholinesterases (e.g., neostigmine) when used to
counter the action of nondepolarizing neuromuscular blocking
agents, (c) administration of an opiate partial agonist or agonist/
antagonist (e.g., buprenorphine or butorphanol) to blunt the ef-
fects of a pure opiate agonist, and (d) the use of anticholine-
sterase compounds to antagonize the action of nondepolarizing
neuromuscular blocking agents by blocking the hydrolysis of en-
dogenous acetylcholine.

Interactions are possible with the concomitant use of stimu-
lants and sedatives and/or anesthetics. Among the commonly en-
countered stimulants are the sympathetic amines (phenylpropan-
olamine, ephedrine, and pseudoephedrine) and other drugs that
exert their effects through dopaminergic mechanisms. Selegiline
is a monoamine oxidase B (MAO-B) inhibitor at low doses
(MAO-A and B inhibitor at high doses) that has been adminis-
tered to animals for treatment of canine hyperadrenocorticism
and cognitive disorder. In addition to its indirect dopaminergic
effects, it is metabolized to l-amphetamine and l-methampheta-
mine in animals.12 The amphetamine l-isomer is not as pharma-
cologically active as the d-isomer (e.g., dextroamphetamine), but
high doses of selegiline (3 mg/kg) have caused excitement and
restlessness in dogs, presumably via amphetamine effects.13

MAO-B inhibitors are generally less likely than MAO-A in-
hibitors to cause severe anesthetic drug interactions, but they still
may exacerbate CNS toxicity of other excitatory drugs. Of the in-
teractions reported in humans, coadministration of selegiline
with selective serotonin reuptake inhibitors (SSRIs) such as flu-
oxetine and paroxetine has caused CNS reactions and the poten-
tial for the serotonin syndrome characterized by muscle rigidity,
tremors, restlessness, and altered mental status.14 Other signs of
serotonin syndrome may not involve the CNS and include dys-
function of the respiratory and cardiovascular system and hy-
perthermia. Such reactions associated with selegiline have not
yet been documented in veterinary medicine. There does not ap-
pear to be a larger potential for severe interactions between se-
legiline and sympathomimetic amines (e.g., phenylpropano-
lamine and ephedrine) because selegiline does not inhibit
MAO-A at clinically relevant doses. Nevertheless, when pre-
scribing selegiline with sympathetic amines or MAO inhibitors
such as amitraz (Mitaban), one should advise owners of the po-
tential interaction and clinical manifestations. There have been
reported serotonin-mediated reactions in humans when selegiline
has been administered with the opiate meperidine, but documen-
tation of the clinical occurrence of these reactions in veterinary
patients is lacking. Because this reaction is caused by a metabo-
lite of meperidine, other opiates are considered less likely to
cause this reaction.
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Table 16.5. Cytochrome P-450 enzyme inhibitors.

Chloramphenicol
Cimetidine
Cyclophosphamide
Erythromycin
Interferon (vaccines)
Ketoconazole
Morphine
Organophosphates
Quinidine
Tetracycline
Verapamil



Nonsteroidal Anti-inflammatory Drug
Interactions
NSAIDs such as carprofen, meloxicam, etodolac, tepoxalin, firo-
coxib, and deracoxib are used to treat pain and inflammation. In
large animals, flunixin meglumine, ketoprofen, and phenylbuta-
zone are often used. The mechanism of action of an NSAID is
primarily via inhibition of cyclooxygenase (prostaglandin en-
doperoxide synthase) isoenzymes. Prostaglandin synthase 1 (cy-
clooxygenase 1 [COX-1]) is primarily a constitutive enzyme
expressed in tissues. Prostaglandins, prostacyclin, and thrombox-
ane synthesized by this enzyme are in part responsible for normal
physiological functions. Prostaglandin synthase 2 (COX-2) is
synthesized by macrophages and inflammatory cells and is in-
ducible after stimulation by cytokines and other mediators of in-
flammation. Contrary to initial beliefs, though, COX-2 may be
constitutive in some tissues. This has recently raised concerns
about the ability of COX-2–selective drugs to spare physiologi-
cal prostaglandin production in some tissues and their safety in
certain situations. NSAID development in the 1990s and early
2000s focused on selective inhibition of COX-2, with the goal of
producing analgesia and suppressing inflammation without in-
hibiting physiologically important prostanoids. However, more
profound inhibition of COX-2 may not always be beneficial, be-
cause COX-2 products appear to be beneficial in some tissues
and disease states. For example, COX-2 products have biological
importance in angiogenesis, renal function, regulation of bone
resorption, reproductive function, and healing of gastroduodenal
ulcers.15 Prolonged COX-2 inhibition has also been associated
with a higher risk of cardiovascular complications (stroke and
myocardial ischemia) in humans, because it unbalances the pro-
duction of endogenous prostanoids by preserving COX-1 func-
tion, which may promote platelet aggregation and vasoconstric-
tion.16 Consequently, COX-2–selective drugs (valdecoxib,
celecoxib, and rofecoxib) used in humans have received in-
creased scrutiny by the medical community in recent years, and
two have been voluntarily withdrawn from the U.S. market.
Unbalanced COX-2 enzyme inhibition appears to increase risk of
adverse events in some patient populations, and, because of this
concern, future directions of NSAID development may need to
be reexamined.17

The action of NSAIDs in animals raises questions about the
potential for adverse interactions. Some theoretical interactions
are worthy of consideration. NSAIDs might interfere with
prostaglandin-mediated vasodilation that may be necessary for
tissue perfusion during anesthesia. Prostaglandins may be impor-
tant for the action of cardiovascular drugs such as angiotensin-
converting enzyme (ACE) inhibitors (e.g., captopril, enalapril,
benazepril, and lisinopril). Prostaglandins may also mediate
some of the pharmacological effects of diuretics such as furo-
semide. Furosemide and ACE inhibitors stimulate prostaglandin
synthesis to increase renal blood flow and produce vasodilation
and natriuresis. Consequently, NSAID inhibition of prostaglan-
din synthesis may decrease the action of ACE inhibitors and
furosemide.18 NSAIDs may decrease the antihypertensive effect
of ACE inhibitors. For aspirin, this action appears to be dose
related.19,20 This warning is listed in the United States

Pharmacopeia-Drug Information (USP-DI 2004) and has been
reported in people, but its clinical significance has been de-
bated.19,20 The administration of an ACE inhibitor with the
NSAID tepoxalin is not associated with adverse renal effects.

Because NSAIDs are generally highly protein bound, interac-
tions with other highly protein-bound drugs are possible, but as
discussed previously, unlikely.21 Manufacturers’ labels on veteri-
nary NSAIDs have warned veterinarians that coadministration of
NSAIDs (many of which are over 90% protein bound) could in-
crease free fractions of coadministered drugs such as phenobar-
bital and produce adverse effects. However, despite the fre-
quently cited potential protein-binding interactions between
NSAIDs and other drugs, there are very few documented cases
where this has resulted in an adverse outcome, and the clinical
significance of protein-binding interactions has likely been ex-
aggerated.

One last possible NSAID interaction worthy of consideration
is the combination of an NSAID with a fluoroquinolone antibi-
otic, causing CNS toxicity in people.22 This type of interaction
with currently available fluoroquinolones used in animals (en-
rofloxacin, marbofloxacin, orbifloxacin, and difloxacin) has not
been reported, however.

Renal Interactions with NSAIDs and Anesthetics
In the kidney, prostaglandins play an important role in modulat-
ing the tone of blood vessels and regulating salt and water bal-
ance, especially during periods of renal stress. Renal injury
caused by NSAID use has been described in people and horses.
Reported cases of toxicity occur when high doses have been used
or when there are other complicating factors (e.g., coadministra-
tion of methoxyflurane).23 Renal injury probably occurs as a re-
sult of inhibition of renal prostaglandin synthesis and altered
renal autoregulation during periods of renal stress or insult.24 In
animals that have decreased renal perfusion caused by dehydra-
tion, anesthesia, shock, or preexisting renal disease, this interfer-
ence with prostaglandin synthesis can lead to renal ischemia.25

Many cases of renal damage caused by anesthetic-NSAID inter-
actions might be subclinical because of the reserve capacity of
the kidney. Widespread nephron damage would be required (ap-
proximately 75%) before currently used laboratory benchmarks
for renal function (blood urea nitrogen and creatinine) would sig-
nificantly change.

Additional information is needed with regard to the safety of
the effect of currently available COX-2 specific inhibitors on the
kidney. Prostaglandins that play an important role in salt and
water regulation and renal hemodynamics are synthesized by
COX-2 enzymes.26 Constitutive COX-2 is found in various sec-
tions of the kidney, and administration of drugs that selectively
inhibit COX-2 may adversely affect overall renal function in
some situations. Of the currently available NSAIDs, carprofen’s
effect on renal function has been the most extensively studied.
Because carprofen is registered for use in perioperative situations
in an injectable formulation, safety studies have been conducted
to determine whether there is any evidence of an increased occur-
rence of renal toxicity with its use in the perioperative period,
particularly during anesthesia. In one study, carprofen, ketorolac,
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and ketoprofen were examined in healthy dogs undergoing sur-
gery, but without intravenous fluid administration. There were
minor increases in renal tubular epithelial cells in urine sediment,
but, overall, carprofen had no adverse effect on renal function.27

In contrast, some ketorolac-treated and ketoprofen-treated dogs
had transient azotemia. In two similar studies, carprofen admin-
istered to anesthetized healthy dogs had no adverse effect on
renal function.28,29 The renal effects of deracoxib administration
have been reported by the manufacturer. At high doses, there is a
dose-dependent effect on renal tubules. At up to 10 mg/kg for 6
months, it is well tolerated in most dogs, but there is a potential
for a dose-dependent renal tubular degeneration/regeneration at
doses of 6 mg/kg or higher with long-term usage. It should be re-
membered that the clinically approved dose of deracoxib for
long-term treatment is only 1 to 2 mg/kg per day. Tepoxalin at a
dose of 10 mg/kg (currently registered dose) has been evaluated
in anesthetized, healthy, normotensive, normovolemic dogs. It
has also been evaluated in dogs receiving ACE inhibitors. In both
studies adverse effects on renal function were not detected.30

Despite the apparent safety of perioperative NSAID administra-
tion documented by these studies, intravenous fluid administra-
tion and vigilant monitoring during prolonged anesthesia are
clearly warranted to reduce the risk of either subclinical damage
or overt renal complications.

Gastrointestinal Interactions with NSAIDs
In the gastrointestinal (GI) tract, prostaglandins play an impor-
tant role in maintaining a healthy mucosa and cytoprotection and
in regulation of acid and mucous secretion. Administration of
NSAIDs typically alters GI physiology and may increase the risk
of GI injury. GI effects range from mild gastritis and vomiting to
severe GI ulceration and bleeding and even death. These effects
have been documented for the past 3 decades in the veterinary lit-
erature. GI toxicity is caused by two main mechanisms: direct ir-
ritation of the GI mucosa and prostaglandin inhibition.15 Direct
irritation occurs because an acidic NSAID can become more
lipophilic in the acid milieu of the stomach and cause injury by
enhancing diffusion into the gastric mucosa. Secondly, prosta-
glandins have a cytoprotective effect on the GI mucosa, and inhi-
bition of these compounds causes decreased cytoprotection, di-
minished blood flow, decreased synthesis of protective mucus,
and inhibition of mucosal cell turnover and repair. In healthy
dogs, COX-1 is the primary COX enzyme that produces pros-
taglandins (primarily prostaglandin E2).31 An examination of
published reports of GI toxicity from the administration of an
NSAID in animals indicates that the most serious problems are
caused from doses that are higher than recommended, but toxic-
ity has been observed also from relatively mild doses in suscep-
tible individuals. Some factors may increase the risk of GI toxi-
cosis, including concurrent corticosteroids and other GI diseases.
Corticosteroids in particular are known to increase the risk of GI
toxicity caused by NSAIDs.25,32,33 Even meloxicam, which is
relatively COX-1 sparing in the canine GI tract, has been associ-
ated with increased risk of GI mucosal injury when administered
with a corticosteroid.32 Other events that stress the gastric mu-
cosa, such as decreased perfusion caused by shock, anesthesia, or

dehydration, increase risk of damage.34 Clinical observations
suggest that, although gastric ulceration can be significant with
the administration of NSAIDs in some patients, catastrophic per-
forating ulceration can occur also in the proximal duodenum, es-
pecially in dogs.34 Further investigation into the actions of
NSAIDs on the duodenal mucosa are needed.

Opioid Interactions
Opioids are often administered with general anesthetics to pro-
vide analgesia and enhance their anesthetic action.35 They are
also commonly coadministered with sedative and tranquilizing
agents to enhance sedation and analgesia. Clinical and research
observations strongly support the concurrent use of opioids and
anesthetic and anesthetic-adjunctive drugs; however, there is
some evidence that this practice may actually decrease the mag-
nitude and duration of opioid analgesic efficacy in some situa-
tions.36,37

As discussed previously in this chapter, there is a specific in-
teraction between MAO inhibitors and meperidine described in
people. The use of these drugs together has caused an unpre-
dictable and sometimes fatal reaction, which includes excitation,
sweating, rigidity, coma, and seizures. This reaction seems to be
rather specific for meperidine because it is caused by one of its
metabolites. If animals receive MAO inhibitors and another opi-
ate, it is suggested first to administer a test dose of the opiate and
observe the animal carefully. If there is no adverse reaction, sub-
sequent doses can probably be administered safely. Although
nonspecific MAO inhibitors are rarely used for treatment of de-
pression in animals, other drugs with MAO-inhibiting properties
are used in animals. For example, selegiline, a specific MAO
type-B inhibitor, is used in dogs to treat canine hyperadrenocor-
ticism and cognitive disorder. Amitraz, which is also an MAO in-
hibitor, is found in pet collars and dips to prevent and treat mite
infestations. Although no adverse reactions in animals have been
documented with amitraz or selegiline and opioid analgesic
drugs, one should administer these drug combinations cautiously,
at least for the first dose.

In recent years, tramadol has become increasingly popular as
an oral analgesic medication for managing chronic pain, but its
analgesic efficacy may be partially attributed to serotonin reup-
take inhibition. The potential to induce CNS excitation and even
seizures when tramadol is coadministered with known CNS stim-
ulants, such as the tricyclic antidepressants, the SSRIs such as
fluoxetine, and mood-altering herbal medication such as St.
John’s wort, should be appreciated by veterinarians. These com-
binations should be administered to animals with caution.

Interactions Among Opioid Drugs
In recent years, there has been some confusion as to whether the
administration of opioid agonists with opioid agonist/antagonists
will produce an interaction that diminishes the analgesic effect of
the combination. In theory, drugs such as butorphanol and penta-
zocine have antagonistic properties on the µ receptor, so they
should partially reverse some effects of µ-receptor agonists when
administered together. The clinical significance of this antagonism
has been debated, however. In dogs, for example, although butor-
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phanol reverses some respiratory depression and sedation pro-
duced by pure agonists, the analgesic efficacy may be preserved.38

Similarly, in dogs given butorphanol for postoperative pain asso-
ciated with orthopedic surgery, there was no diminished efficacy
with subsequent administration of oxymorphone.39 However, in
another study, dogs that had not responded to butorphanol after
shoulder arthrotomy responded to subsequent administration of
oxymorphone, but the oxymorphone dose required to produce an
adequate effect was higher than what would be required if oxy-
morphone was used alone, suggesting that some antagonism of
analgesia may have been present.40 When butorphanol and oxy-
morphone have been administered together to cats, a greater effi-
cacy has been reported than when either drug was used alone.41,42

These clinical observations taken together suggest that antago-
nism may indeed occur in some clinical patients, but in other pa-
tients coadministration actually results in a synergistic analgesic
effect. These divergent results from one individual to the next may
be due to a variety of factors, including (a) differences in the pain
syndrome being treated, (b) species variation in response to opi-
oids, (c) dosage ratios of the specific opioids being administered
and (d) variation in opioid efficacy between genders. For example,
when looking at the first of these factors in humans, whether an-
tagonism or synergism occurs with the coadministration of butor-
phanol and a pure opioid agonist appears to depend on whether so-
matic pain versus visceral pain is present. These types of studies
have not been performed to date in common pet species.

Nomenclature
Commonly used terms to describe drug interactions are addition,
antagonism, synergism, and potentiation.

In purely pharmacological terms that have underlying theoret-
ical implications, addition refers to simple additivity of fractional
doses of two or more drugs, the fraction being expressed relative
to the dose of each drug required to produce the same magnitude
of response; that is, response to X amount of drug A = response
to Y amount of drug B = response to 1/2XA + 1/2YB, 1/4XA +
3/4YB, and so on. Additivity is strong support for the assumption
that drug A and drug B act via the same mechanism (e.g., on the
same receptors). Confirmatory data are provided by in vitro
receptor-binding assays. Minimum alveolar concentration
(MAC) fractions for inhalational anesthetics are additive.

Synergism refers to the situation where the response to frac-
tional doses as described previously is greater than the response
to the sum of the fractional doses (e.g., 1/2XA + 1/2YB produces
more than the response to XA or YB).

Potentiation refers to the enhancement of action of one drug
by a second drug that has no detectable action of its own.

Antagonism refers to the opposing action of one drug toward
another. Antagonism may be competitive or noncompetitive. In
competitive antagonism, the agonist and antagonist compete for
the same receptor site. Noncompetitive antagonism occurs when
the agonist and antagonist act via different receptors. 

Experimental approaches to determine additivity etc. have in-
cluded dose-response analysis (Fig. 16.1) and isobolographic
analysis (Fig. 16.2).

Anesthetic Drug Interactions
The way anesthetic drugs are usually used raises special consid-
erations with regard to drug interactions. For example, (a) drugs
that act rapidly are usually used; (b) responses to administered
drugs are measured, often very precisely; (c) drug antagonism is
often relied upon; and (d) doses or concentrations of drugs are
usually titrated to effect. Minor increases or decreases in re-
sponses are usually of little consequence and are dealt with
routinely.

Commonly Used Anesthetic Drug Interactions
Two or more different kinds of injectable neuroactive agents are
frequently used to induce anesthesia with the goal of achieving
the highest quality of anesthesia with minimal side effects. The
agents frequently have complementary effects on the brain, but
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Fig. 16.1. Dose-response curve illustrating competitive antagonism
(A) and noncompetitive antagonism (B). In A, the dose-response
curve is shifted to the right in the presence of an antagonist, but the
shape of the curve is not changed. In B, the dose-response curve is
shifted to the right in the presence of an antagonist, and the maximal
response to the agonist is reduced. 



one agent may also antagonize an undesirable effect of the other.
An example of such a combination is tiletamine and zolazepam
(Telazol [tiletamine hydrochloride 50 mg/mL and zolazepam hy-
drochloride 50 mg/mL], an arylcycloalkylamine and a benzodi-
azepine).

Tiletamine produces sedation, immobility, amnesia, and
marked analgesia, but may also produce muscle rigidity and
grand mal seizures. Zolazepam produces sedation, reduces anxi-
ety, and prevents muscle rigidity and seizures. Another arylcy-
cloalkylamine-benzodiazepine combination commonly used is
ketamine with either midazolam or diazepam. Ketamine is also
frequently used in combination with xylazine, a potent sedative
with central muscle relaxant and analgesic properties.

Acepromazine is often used as a preanesthetic agent. In addi-
tion to calming patients, acepromazine reduces the dose of anes-
thetic required to produce anesthesia and reduces the sensitivity
of the myocardium to catecholamines, thereby reducing the risk
of ventricular arrhythmias. On the other hand, acepromazine pos-
sesses �1-adrenergic blocking activity such that the cardiovascu-
lar depressant effects of general anesthetics may interact to pro-
duce further vasodilation and hypotension.

Volatile anesthetics may potentiate cardiovascular depression
in patients. Because nitrous oxide produces relatively less cardio-
vascular depression than does an equivalent dose of a volatile
agent (it may even stimulate), at any given depth of anesthesia,
the amount of cardiovascular depression is less with nitrous
oxide plus a volatile agent than with the volatile agent alone at
the same depth of anesthesia achieved.

To manage pain associated with surgical procedures better, it is
becoming increasingly common to combine the use of regionally
administered analgesics and light general anesthesia. An example
of such an approach is to administer a local anesthetic alone or in
combination with an opioid or an �2-adrenergic agonist into the
epidural space before or during general anesthesia. Benefits
sought with this approach are reduction in the amount of general
anesthetic required and the provision of preemptive analgesia.
Reducing the amount of general anesthetic required reduces the
magnitude of systemic side effects of the general anesthetic.
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Introduction
The halogenated hydrocarbon anesthetics are liquids that must be
vaporized for administration. These volatile drugs are potent and
should be delivered with accuracy. Nitrous oxide (N2O) is a gas

anesthetic, normally used in high concentrations. It should be ad-
ministered with enough oxygen to assure an adequate inspired
concentration of oxygen. Using contemporary methods, anesthe-
sia machines and breathing systems are required for administra-
tion of inhalant anesthetics. Standards for performance and
safety of anesthesia machines designed for use in human patients
have been published.1–4 Newer veterinary anesthesia machines
meet some of these standards, but are not required to comply
fully with the American Society for Testing and Materials
(ASTM) guidelines.

Anesthesia Machines
Anesthesia machines have certain basic components, and are
compatible with various breathing systems. An anesthesia ma-
chine prepares a precise, but variable, gas mixture (oxygen and
anesthetic) for delivery to a breathing system.2 The breathing
system supplies oxygen and anesthetic to patients, eliminates
carbon dioxide from exhaled gases, and provides a means for
controlled ventilation. Sources for medical gases (e.g., cylinders
for oxygen and N2O), a regulator and a flowmeter for each gas,
and a vaporizer for each volatile anesthetic are fundamental to
the operation of an anesthesia machine.5

Pressures of gases vary at different locations in an anesthesia
machine,2,3 and knowledge of these pressures facilitates the eval-
uation and safe operation of these machines. There are low-,
intermediate-, and high-pressure areas. The high-pressure area
accepts gases at cylinder pressure and reduces and regulates the
pressure; this area includes gas cylinders, hanger yokes, yoke
blocks, high-pressure hoses, pressure gauges, and regulators, and
the pressure may be as high as 2200 pounds per square inch (psi).
The intermediate-pressure area accepts gases from the central
pipeline or from the regulators on the anesthesia machine and
conducts them to the flush valve and flowmeters; this area in-
cludes pipeline inlets, power outlets for ventilators, conduits
from pipeline inlets to flowmeters, and conduits from regulators
to flowmeters, the flowmeter assembly, and the oxygen-flush ap-
paratus. The pressure usually ranges from 37 to 50 psi, although
it may be lower on newer anesthesia machines. The low-pressure
area consists of the conduits and components between the
flowmeter and the common gas outlet; this area includes vapor-
izers located outside the breathing system, piping from the
flowmeters to the vaporizer, conduit from the vaporizer to the
common gas outlet, and conduit from the common gas outlet to
the breathing system, and the pressure is only slightly above am-
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bient. Pressures in the breathing system itself vary, but usually
range from 0 to 30 cm of water (cm H2O) when used with nor-
mal, healthy patients.

Medical Gases
An anesthesia machine typically has two sources for each med-
ical gas. First, small compressed-gas cylinders attach to the ma-
chine and the hanger yokes, and, second, the hospital’s central
gas supply enters the machine at pipeline inlets. Ideally, the hos-
pital’s pipeline should be the primary source of medical gases,
and small cylinders should be reserved for emergencies or trans-
port.6 Generally, bulk sources of medical gases are more eco-
nomic than small cylinders.

The pipeline source for N2O originates from the bank of large
(G or H) compressed-gas cylinders, and oxygen may be supplied
similarly (Fig. 17.1). Alternately, the central source of oxygen
may emanate from a bulk tank of liquid oxygen (Fig. 17.2) or
possibly from an oxygen-concentrating system. The latter will
not reliably deliver 100% oxygen. Pipeline systems (Fig. 17.3)
convey gases from the central source to terminal units (station
outlets) throughout the hospital. A noninterchangeable gas-
specific connector at the station outlet accepts only its correspon-
ding connector, which attaches to the pipeline inlet of an anes-
thetic machine through a flexible, high-pressure hose. The con-
nector may be a threaded diameter index safety system (diss) or
a proprietary (manufacturer specific) nonthreaded, noninter-
changeable quick connector (Fig. 17.4).3 The high-pressure hose
connects to the anesthesia machine at a pipeline inlet, which is
usually a diss male connector (Fig. 17.5).

Gases move to and from a cylinder through a brass valve (Fig.
17.6). The valve stem controls flow, and a safety relief device
(e.g., a fusible plug with a low melting point) allows emergency
escape of gas to prevent bursting of a cylinder during exposure to
high temperatures.2 The threaded outlets of the valve bodies on

large cylinders (G and H) are designed to prevent the accidental
interchange of oxygen, N2O, and other gases at regulators or
manifolds. The valve bodies of small (E) cylinders of oxygen and
N2O attach directly to anesthesia machines at the hanger yokes,
and they use the pin-index safety system (Fig. 17.7) to prevent in-
terchange of oxygen and N2O. Two pinholes and a port in the
valve body correspond to two pins and a nipple on the hanger
yoke. Spacing of the pins for each medical gas precludes the in-
terchange of gases under ordinary conditions (Fig. 17.8).

Although the pin-index system is effective, the system has
been defeated.2 The pins can be removed (Fig. 17.9), bent, bro-
ken, or forced deeper into the yoke. The nipple can be stacked
with enough washers to allow attachment of the wrong cylinder.
Yoke blocks coupled to high-pressure hoses will accommodate
alternate gas sources. Some of the older yoke blocks do not have
pinholes, and some short blocks can be attached upside down
(Fig. 17.9), allowing connection of the wrong gas. Older anesthe-
sia machines should be inspected to assure the integrity of the
pin-index system for oxygen and N2O. Small cylinders should be
aligned correctly to the hanger yoke to prevent the creation of a
potential hazard. Directing the retaining screw into the safety re-
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Fig. 17.1. Primary and reserve banks of large oxygen cylinders sup-
plying the central medical gas pipeline system at a veterinary teach-
ing hospital. The primary bank supplies oxygen to the pipeline sys-
tem until the cylinders are depleted, at which time the system is
automatically switched to the reserve bank.

Fig. 17.2. An outside bulk container for liquid oxygen supplying the
central medical gas pipeline system of a large hospital.



lief device instead of the conical depression has caused rapid
decompression of a cylinder (Fig. 17.10).7,8 If an anesthesia
machine has multiple hanger yokes, each yoke should be fitted
with a cylinder or a yoke plug (Fig. 17.11) when the machine is
in operation.

An oxygen cylinder’s service pressure is about 2200 psi. An E
cylinder contains about 700 L of gaseous oxygen and an H cylin-
der about 7000 L (Table 17.1). The pressure is proportional to the
contents, and an E cylinder with a pressure of 1100 psi contains
about 350 L of oxygen. The pressure in a full N2O cylinder is
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Fig. 17.3. A set of emergency shutoff valves for oxygen and nitrous
oxide in a central pipeline system for medical gases in a veterinary
teaching hospital. These valves should be placed strategically
throughout the gas distribution system to control the flow of gases
during emergencies or maintenance.

Fig. 17.6. Brass valves on large gas cylinders. The valve outlets on
these two cylinders are designed to prevent an inadvertent connec-
tion to the wrong cylinder of gases. The valve on the right has exter-
nal threads, whereas the one on the left has internal threads. The
valve outlet for a large cylinder is distinguished by diameter, number
of threads per inch, and type of threads (right hand or left hand and
internal or external).

Fig. 17.5. Pipeline inlets for oxygen (top connector labeled as O2)
and nitrous oxide (bottom larger connector) on a Drager anesthesia
machine (North American Drager, Telford, PA). The female diameter
index safety system (diss) connectors from the high-pressure hoses
couple to the male diss pipeline inlets on the anesthesia machine.

Fig. 17.4. A set of proprietary (Ohio or Ohmeda, Madison, WI) quick
connects (quick couplers) for oxygen (male and female on the left),
vacuum (male and female in the center), and air (male and female on
the right). The female connectors are usually present at the site of use
(station outlet) for attachment to the male counterparts from the
anesthesia machine or other equipment via high-pressure flexible
hose. Inadvertent interchange of the gases is prevented by variations
in the spacing of corresponding components of the couplers.



about 750 psi at normal room temperature, with N2O in both liq-
uid and gaseous phases. The vapor pressure of N2O varies with
temperature and determines the pressure in the cylinder. In a full
cylinder, 95% of the volume is liquid,9 and an E cylinder contains
about 1600 L (Table 17.1). As liquid N2O vaporizes, the cylinder
cools, and frosting may occur. The contents of an N2O cylinder
is not directly proportional to the pressure. As pressure starts to
decrease after all liquid N2O has vaporized, about 25% of the
original gas content remains. The remaining gas will then be de-
pleted based on rate of flow.10 Although the amount of N2O is not
directly related to pressure, the content of any cylinder can be de-

termined by weight regardless of the state of the material in the
cylinder.3

In the United States, the Department of Transportation con-
trols the construction and testing of gas cylinders. The service
pressure, defined as the maximum filling pressure at 70°F
(22°C),2 is typically 1900 to 2200 psi for oxygen. Cylinders are
designated alphabetically, size A being the smallest. Sizes E, G,
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Fig. 17.7. Diagram of the pin-index safety system. The spacing be-
tween the valve outlet and the pinholes in the valve bodies for oxy-
gen and nitrous oxide cylinders are illustrated. The pinholes and out-
lets correspond to the nipple and pins of hanger yokes on anesthesia
machines and help to prevent the inadvertent incorrect use of med-
ical gases. Note that pinholes 2 and 5 are used for oxygen, whereas
pinholes 3 and 5 are used for nitrous oxide. From Hartsfield.5

Fig. 17.8. Comparison of the yokes for small cylinders of oxygen
(left) and nitrous oxide (right). The relationship of the pins and the nip-
ple on each yoke show how the inadvertent interchange of oxygen
and nitrous oxide cylinders is prevented. From Hartsfield.5

Fig. 17.9. An oxygen yoke showing a way in which the pin-index
system for small gas cylinders can be defeated. The pins have been
removed, and a short yoke block has been inserted upside down.
Both will defeat the effectiveness of the pin-index system and allow
connection to an inappropriate cylinder.

Fig. 17.10. The retaining screw of the yoke and a small (E) cylinder
of oxygen next to a Vetaflex 5 veterinary anesthesia machine (Pitman-
Moore, Washington Crossing, NJ). The retaining screw has been re-
moved from the yoke to illustrate the pointed shape, which is in-
tended to correspond to the conical depression of the cylinder valve
and to secure the cylinder in the yoke. If the cylinder is positioned in-
correctly in the yoke and the retaining screw is tightened into the
fusible plug (the round, slotted device below the conical depression),
the cylinder may decompress rapidly.



and H are common for medical oxygen and N2O (Table 17.1).
Permanent markings near the top of the cylinder indicate the
Department of Transportation specification number, the type of
material used in construction (e.g., steel or aluminum), service
pressure in pounds per square inch, serial number, identification
of the manufacturer, and testing dates. A five-point star after the
last testing date qualifies the cylinder to be retested after 10
years.3

A color-coded label (green for oxygen and blue for N2O) on
the wall of the cylinder indicates the gas contents, warns of po-
tential hazards (e.g., oxidizing agent), and names the manufac-
turer or distributor (Fig. 17.12). A single word appears on the
label: Danger means an immediate threat to health or property if
gas is released, warning indicates a less than immediate threat,
and caution means no immediate hazard to health or property. A
diamond-shaped area on the label indicates the hazard class of
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Fig. 17.11. Preparation for inserting a yoke plug into a yoke in-
tended for a small (E) cylinder prior to use of the anesthesia machine.
Since only one cylinder is present, the open yoke should be blocked
with a yoke plug to prevent gas leaks, even if a check valve is pres-
ent immediately upstream from the cylinder.

Fig. 17.12. Small (E) cylinders of oxygen and nitrous oxide, with la-
bels and warnings. The diamond-shaped figure on each cylinder’s
label indicates the hazard class of the contents (yellow for oxygen, an
oxidizer; and green for nitrous oxide, a nonflammable gas).

Table 17.1. Characteristics of medical gas cylinders3

Color Capacity and Empty Cylinder 
Size Gas Gas Symbol Code (U.S.) Pressure (at 70°F) Weight (pounds)

E Oxygen O2 Green 660 L 014
1900 psi

E Nitrous oxide N2O Blue 1590 L 014
745 psi

G Nitrous oxide N2O Blue 13,800 L 097
745 psi

H Oxygen O2 Green 6900 L 119
2200 psi

H Nitrous oxide N2O Blue 15,800 L 119
745 psi

psi, pounds per square inch.



the gas by words (oxidizer, nonflammable, or flammable) and
color code (yellow, green, and red, respectively).3 Distributors
often attach a color-coded tag to the valve body, identifying a
cylinder’s contents. Tags incorporate sequential perforated tabs
imprinted with the terms full, in use, and empty to track the use
of the cylinder.

Extensive descriptions of the appropriate handling, storage,
and use of compressed gas cylinders have been published.2–4,8,11

Briefly, cylinders should not be stored near flammable materials
and should be properly secured at all times, even during trans-
port. Cylinders should be stored in a cool, dry, clean, well-
ventilated room that is constructed of fire-resistant materials.3

Before using a cylinder, the contents should be clearly identified
from the label. The valve port should be pointed away from the
operator, opened briefly to clear possible debris, and then closed
before connection to a hanger yoke, regulator, or manifold. A
sealing washer should be placed between a small cylinder valve
and the hanger yoke. The valve should be opened slowly to pres-
surize the regulator and then opened fully.2,3 Defective cylinders
should not be used.

Pressure Gauges
Each compressed gas supplied to an anesthesia machine should
have a corresponding pressure gauge (Fig. 17.13)1–3 that is at-
tached to the regulators for large cylinders and to manifolds for
banks of cylinders. The gauge indicates pressure on the cylinder
side of the regulator. Gauges are identified by the gas’s chemical
symbol or name and are usually color coded. The scale is gradu-
ated to indicate the units of measure in kilopascals (kPa) and
pounds per square inch.1 Bourdon tube-type gauges are typical
for anesthesia machines.12 Earlier standards for anesthesia ma-
chines required that the gauge’s full-scale reading should be at
least one-third greater than the maximum cylinder pressure, and
that, on a given anesthesia machine, all gauges should displace a
similar arc from the lowest to highest readings.2 Pressure gauges
are also incorporated into pipeline distribution systems at various
locations. In addition, pressure gauges may be used on anesthe-
sia machines to report pipeline pressure.1,3 Pressure gauges do
not accurately report the quantitative contents of a cylinder con-
taining liquid gas.1

Regulators
An anesthesia machine should have a regulator for each medical
gas supplied to the machine (Fig. 17.14).1 The pressure in a gas
cylinder varies with its content and temperature, and the pressure
in a full cylinder is relatively high (e.g., 2000 psi in an oxygen
cylinder). A regulator reduces the high and variable storage pres-
sure to a lower and more constant pressure that is appropriate for
the anesthesia machine.6 By reducing and controlling pressure as
gas exits a cylinder, a regulator maintains constant flow to the
flowmeter, even though the pressure in the cylinder decreases as
the contents are depleted.

Although regulators on newer anesthesia machines designed
for human patients may be quite sophisticated, a simple regula-
tor has a high-pressure chamber separated by a valve port from a
low-pressure chamber (Fig. 17.15).12 Movement of a flexible di-

aphragm opens or closes the valve, regulating a variable opening,
and consequently the pressure in the low-pressure chamber.
Increasing pressure on the low-pressure side tends to close the
valve. The amount of pressure required to close the valve de-
pends on a spring opposite the diaphragm. The exact construc-
tion varies among regulators, but the function is consistent.
Regulators are designed for safety relief (at two to four times the
pressure in the low-pressure chamber) in order to protect equip-
ment and personnel.3,12

Regulators produce a safe operating pressure, prevent flowme-
ter fluctuations as cylinders empty, and decrease the sensitivity of
the flowmeter indicator to slight movements of the control knob.
The ASTM standard requires that regulators on anesthesia ma-
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Fig. 17.13. Pressure gauges for oxygen (1900 psi) and nitrous oxide
(750 psi) on a veterinary anesthesia machine.

Fig. 17.14. Pressure regulator on a Pitman-Moore 970 veterinary
anesthesia machine (Pitman-Moore, Washington Crossing, NJ). The
triangular shaped regulator for oxygen is shown in-line between the
yoke for the oxygen cylinder and the small-diameter oxygen line to
the flowmeter. The pressure gauge indicates the pressure in the cylin-
der, and the pressure downstream from the regulator is reduced to 50
psi by the regulator.



chines be set so that the pipeline gases are used preferentially.1

Therefore, regulators may be set at about 45 psi (if a power out-
let is present for a ventilator) or at 37 to 42 psi (without a power
outlet), since pipeline pressure is usually 50 psi. Older anesthe-
sia machines that have regulators set at 50 psi and open E cylin-
ders located on the machine can allow E cylinder gas flow rather
than pipeline gas flow when a pipeline check valve is not pres-
ent, possibly depleting gases from the cylinder that should be
saved for emergency situations (e.g., pipeline failure). Contem-
porary anesthesia machines designed for human patients have ad-
ditional regulators (second stage) that deliver gases to the
flowmeters at much lower pressures (e.g., 12 to 16 psi) to in-
crease the constancy of the flowmeter.3,6

Flowmeters
Flowmeters for medical gases are positioned downstream from
the regulators for each corresponding gas, and the portion of the
flowmeter that is downstream from the flow-control valve is part
of the low-pressure system of an anesthesia machine. A flowme-
ter measures and indicates the rate of flow of gas,3 and enables
precise control of oxygen or N2O delivery to an out-of-system
vaporizer and to the common gas outlet.

Gas moves through the flow-control valve to enter the bottom
of the glass tube (i.e., Thorpe tube) of the flowmeter assembly.
The gas then courses around a movable indicator (float) in the an-
nular space between the indicator and the wall of the tube, and
exits at the top of the tube (Fig. 17.16). The tube is larger at the
top than at the bottom, and a greater volume of gas moves around
the indicator as it rises.2 The scale associated with the tube indi-
cates rate of gas flow in milliliters per minute (mL/min) or in
liters per minute (L/min). Some flowmeters, especially those on
older anesthesia machines, have double tapers (Fig. 17.16). A
slight taper in the lower part of the tube promotes accuracy at low
flows (mL/min), and a greater taper at the top allows higher flow

rates (L/min). The current machine standard requires that the
scale be on the glass tube itself or be located to the right of the
tube (viewed from the front of the anesthesia machine).1 The
scale may be on the left in older anesthesia machines, and the op-
erator should assure the proper adjustment of flowmeter control
knobs when older equipment is used.3

Flowmeters are calibrated at 760 mm Hg and 20°C, and accu-
racy may change under other conditions.3 Generally, the effects
of temperature on flowmeter function are minimal, but changes
in barometric pressure may be significant, producing a higher
flow than indicated at lower barometric pressure (altitude) and a
lower flow at high pressure (i.e., in a hyperbaric chamber).3

Since a flowmeter (tube, indicator, and scale) is calibrated as a
unit, parts from different flowmeters should not be interchanged.
If a flowmeter fails, the glass tube, indicator, and scale should be
replaced as a unit. The lowest mark on the scale is the first accu-
rate setting, and extrapolation to lower flow rates is unreliable.2

A flowmeter’s indicator should be read at the top (Fig. 17.17),
except for a ball-type float, which is read at the center (Fig.
17.18). The point of reference for reading the indicator should be
shown on the flowmeter assembly.1 Flowmeters should be used
in the position on the machine as originally designed (e.g., verti-
cal on newer machines or slanted in some older machines).

The flow-control knob for oxygen on contemporary anesthesia
machines should be as large or larger than other flow-control
knobs, it should have a fluted profile (Figs. 17.17 and 17.18) as dic-
tated by the ASTM standard, and it should project beyond the con-
trol knobs for other gases.1 This enables the operator to “feel”
which gas is being adjusted (“touch coded”).2 A control knob is la-
beled with the gas symbol and is color coded (Figs. 17.17 and
17.18). Good flow controls have fine threads for accuracy and stops
to prevent over tightening and damage to flow-control valves.

The size of the flowmeter’s indicator in relation to the scale in-
fluences accuracy. Float indicators may be longer than 1 cm, and
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Fig. 17.15. A simple pressure regulator for oxygen that has been
separated into its component parts. Shown are the body of the regu-
lator with the entry port for high-pressure gas at 7 o’clock (left), the
diaphragm and spring (center), and the cover (right) with holes for
pressure relief through the diaphragm and the adjusting screw.

Fig. 17.16. Flowmeter diagram illustrating gas flow from bottom to
top through flowmeters with single and double tapers. As the indica-
tor (black dot) rises, flow increases because orifice size increases.
The double taper tube allows increased accuracy at the lower end of
the tube while accurately metering higher flow rates at the top. From
Hartsfield.5



reading the scale at the wrong location may affect the flow rate
significantly (Fig. 17.17). Errors in reading the flowmeters for
flowmeter-controlled vaporizers such as Copper Kettles and
Verni-Trols may dangerously alter the inspired concentration of
anesthetic. Dirt, static electricity, or a damaged float may impair
movement and cause erroneous readings. The indicator should
move freely in the glass tube, and a sluggish or sticking float in-
dicates that it should be cleaned or replaced. A sticking float,
which indicated oxygen flow when the oxygen cylinder was
empty, has been reported as a cause of hypoxia.2,13 Flowmeters
should be off when not in use so as to prevent the sudden appli-
cation of pressure to the glass tube and indicator when a gas
cylinder valve is opened. Sudden high pressure may force the in-
dicator upward, damaging the indicator or the stop. The indicator
may jam at the top of the tube, where it may go unnoticed.2

The standard for modern anesthesia machines requires the
presence of only one flow-adjustment control for each gas deliv-
ered to the common gas outlet.1 Ideally, when there are two
flowmeters for one gas, they should be connected in series and
controlled by a single flow-control knob.3 Some veterinary anes-
thesia machines (Fig. 17.19) and older machines for human and
veterinary patients may have multiple flow controls for multiple
flowmeters with different scales in a parallel arrangement, and
the operator should assure proper settings with both control
knobs. Similarly, the sequence of flowmeters is important with
multiple gases on a single anesthesia machine. The machine stan-
dard requires that oxygen be delivered downstream of other gases
when all gases use a common manifold.1 If oxygen enters the
manifold upstream from the other gases, the possibility exists for
delivering hypoxic mixtures, which is a complication that has
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Fig. 17.17. Oxygen and nitrous oxide flowmeters on a Vetaflex 5
veterinary anesthesia machine (Pitman-Moore, Washington Crossing,
NJ). The oxygen flowmeter is located to the right in the cluster, and
the indicator should be read at its top (1.5 L/min). The indicator is rel-
atively long compared with the calibrations on the scale. Erroneously
reading the bottom of the indicator would result in a flow of oxygen
that was 600 mL/min lower that intended. The O2 flow-control knob
is fluted and color coded.

Fig. 17.18. Flowmeters for oxygen and nitrous oxide on a Drager
anesthesia machine (North American Drager, Telford, PA). The oxygen
flowmeter is located to the right of the nitrous oxide flowmeter, and
the ball-type indicator should be read in the center (1 L/min). The
flow-control knob for oxygen is fluted and color coded and is larger
than the flowmeter for nitrous oxide.



been reported several times.2 The U.S. and Canadian standard lo-
cates the oxygen flowmeter to the right in a cluster of flowmeters
as viewed from the front of the anesthesia machine. If a specific
flowmeter for a vaporizer is required, it should be to the right of
the cluster, at least 10 cm from the oxygen flowmeter,2 although
flowmeter-controlled vaporizers are no longer covered in the
ASTM standard.1 For flowmeter-controlled vaporizers, this
arrangement standardizes the location of control knobs and de-
creases the likelihood of adjusting the incorrect flowmeter.
Standardization of location of the flowmeters for oxygen deliv-
ery and for vaporizers along with requiring touch-coded flow-
control knobs for oxygen flowmeters are intended to reduce er-
rors in oxygen flow rates. Locating the oxygen flowmeter to the
right in a cluster of flowmeters is a North American standard, and
the location may vary on older machines and in machines manu-
factured in other countries.3 Other arrangements of flowmeters
may exist in older anesthesia machines (e.g., oxygen flowmeter
located to the left, to the right, or in the center in a cluster). The
danger of delivering hypoxic mixtures by adjusting the wrong
control knob when using both N2O and oxygen must be guarded
against.

The arrangement of flowmeters on older models of Drager
anesthesia machines allowed delivery of hypoxic mixtures if
both oxygen and N2O were used and a leak developed at the base
of the oxygen flowmeter (Fig. 17.20). This malfunction caused
the death of a horse.14 Similarly, cyanosis and light anesthesia
were produced shortly after intubation and attachment of a dog

to an anesthesia machine;15 evaluation of the oxygen flowmeter
revealed a leak at its base caused by a faulty seal with a folded
washer. Because of this flowmeter’s design, the indicator showed
a correctly adjusted flow rate for oxygen, although total gas flow
to the vaporizer and breathing system was very low. Leaks asso-
ciated with flowmeters can occur at several locations, including
cracks in the glass tube, as well as problems with O-rings and
gaskets.6 Leaks in the flowmeter should be detected by leak tests
performed on the low-pressure area of an anesthesia machine.16

Flowmeters should be adjusted to assure an adequate total vol-
ume and an appropriate concentration of each medical gas. Flow
rates should meet or exceed the patient’s oxygen consumption
and deliver an adequate inspired-oxygen concentration (usually a
fraction of inspired oxygen [FIO2] � 0.3). Delivery of an appro-
priate concentration of oxygen, as well as an adequate quantity
of oxygen, is essential for saturating hemoglobin and for supply-
ing the patient’s metabolic needs. Accuracy becomes especially
important with the administration of N2O and with closed and
low-flow breathing systems. The accuracy of flowmeters signifi-
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Fig. 17.19. Double oxygen flowmeters on a Matrx Spartan VMC
veterinary anesthesia machine (Matrx, Orchard Park, NY). One
flowmeter (left) is graduated from 0 to 1000 mL/min, whereas the
other is graduated from 0.2 to 4.0 L/min. The intent is to increase ac-
curacy at lower flow rates. Two flow-control knobs in parallel offer an
opportunity for setting an incorrect flow of oxygen. With two flowme-
ters in parallel, the total flow is the sum of the flow rates set from each
flowmeter.

Fig. 17.20. Flowmeters for oxygen (left) and nitrous oxide (right) on
a Drager Narkovet Stand Model anesthesia machine (North American
Drager, Telford, PA) for small animals. A leak at the seal created by the
nut below the flowmeter could result in delivery of a low or hypoxic
concentration of oxygen to the breathing system.



cantly decreases with flows lower than 1 L/min.2 With low-flow
systems, scrutiny of FIO2 becomes important; continuous moni-
toring of oxygen concentration on the inspiratory limb of the
breathing system has been recommended. Indeed, to meet the
ASTM standard, an oxygen analyzer is a required component of
the anesthesia machine.1,6

Safety Devices for Oxygen Pressure and Flow
Anesthesia machines may be designed to alert the operator to a
dangerously low pressure of oxygen flow.3,4 When the oxygen
pressure reaches a certain value, the machine may alert the user
with an alarm, or the machine may be engineered to cut off the
supply of all other gases (e.g., N2O) to prevent the delivery of hy-
poxic mixtures. In addition, some anesthesia machines incorpo-
rate proportioning devices to assure that oxygen is flowing at
some preset minimum portion of the total fresh gas flow. Dupaco
anesthesia machines were once popular in veterinary anesthesia
and incorporated an audible alarm if the pressure of oxygen be-
came dangerously low. The Metomatic veterinary anesthesia ma-
chine reduces the flow of other gases (i.e., flow through the
Verni-Trol) if oxygen flow is reduced. These safety mechanisms
may malfunction, and continuously monitoring gases on the in-
spiratory limb of the breathing system is a more reliable way to
assure the delivery of an adequate concentration of oxygen.

Flush Valves
Oxygen is supplied at approximately 50 psi to the flush valve of
an anesthesia machine. The flush valve delivers a high, but un-
metered, flow (35 to 75 L/min is the ASTM standard)1 of oxygen
to the common gas outlet or directly to the breathing system in
some simple veterinary machines (e.g., Matrx small animal anes-
thesia machine). The contemporary machine standard does not
allow piping of oxygen from the flush valve through the vapor-
izer. However, older anesthesia machines, especially those with
precision vaporizers added after the machine was manufactured,
may increase oxygen flow through the vaporizer, with the poten-
tial for increased output of anesthetic.6

At a flow rate of 50 L/min, oxygen from the flush valve can
quickly fill the breathing system. In general, pediatric breathing
systems (i.e., pediatric circles, Mapleson systems, or valved non-
rebreathing systems) should not be filled via the flush valve be-
cause of the danger of overpressurizing a patient’s respiratory
system. Current machine standards require that the actuating de-
vice for the flush valve be recessed to prevent inadvertent activa-
tion and delivery of a high volume of gas to the breathing system
(Fig. 17.21).1 Other problems involving the flush valve include
leaks in the flush-valve assembly and sticking of the flush valve
in the on position.3 A leak at the flush valve reportedly resulted
in loss of anesthetic and oxygen at flow rates of less than 1
L/min, making it impossible to maintain surgical anesthesia with
the typical fresh gas flow rates used with a semiclosed circle
breathing system.17

Vaporizers
Except for N2O, modern inhalant anesthetics are delivered with
vaporizers. Concentration-calibrated, variable-bypass vaporizers,

which are temperature, flow, and back-pressure compensated, are
standard in human anesthesia and are recommended for delivery
of volatile inhalant anesthetics to veterinary patients. However,
nonprecision, uncompensated vaporizers (e.g., Stephens vapor-
izer) have also been marketed to veterinarians as a part of a com-
plete anesthesia machine. In addition, an older vaporizer designed
for less volatile inhalant anesthetics (Ohio #8 glass bottle), when
modified by removal of the wick, has been evaluated for the de-
livery of halothane or isoflurane to veterinary patients.18,19

Administering highly volatile, highly potent inhalant anesthetics
with nonprecision, uncompensated vaporizers is associated with a
high degree of risk unless instrumental monitoring (e.g., of in-
spired or expired anesthetic concentration) is available.

A vaporizer is designed to change a liquid anesthetic into its
vapor and to add a specific amount of vapor to the gases being
delivered to a patient.2 Carrier gas, oxygen alone or with N2O,
passes through the vaporizer to acquire anesthetic vapor. Because
the saturated vapor pressures of most inhalant anesthetics are sig-
nificantly greater than the partial pressures required for clinical
anesthesia (i.e., significantly greater than the minimum alveolar
concentration [MAC]), a vaporizer should deliver a concentra-
tion that is close to the setting on the vaporizer control dial.
Otherwise, the inspired concentration of anesthetic should be
monitored. In general, the design of precision vaporizers allows
dilution of a high concentration of anesthetic vapor from the va-
porization chamber to a clinically usable and safe concentration.

Physics of Vaporizer Design and
Function
Several principles of physics are involved in the function of a va-
porizer for inhalant anesthetics.2–4 Heat is required for vaporiza-
tion of liquid anesthetics; the latent heat of vaporization is de-
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Fig. 17.21. Flush valve and common gas outlet on a veterinary
anesthesia machine. The flush valve (labeled on the machine) is pro-
tected from inadvertent activation by a circular stainless-steel guard.
The common gas outlet (open hole) received a connector to link the
anesthesia machine through a rubber hose to the fresh gas inlet of
the breathing system.



fined as the number of calories required to change 1 g of liquid
into its vapor. This heat requirement causes liquid anesthetic to
cool during vaporization. The vapor pressure of an anesthetic is
the partial pressure of the aesthetic gas above the liquid at equi-
librium, and vapor pressure varies directly with temperature.
Thus, uncontrolled cooling limits a vaporizer’s maximum output.
A vaporizer made of a substance (e.g., copper) with a high spe-
cific heat (the quantity of heat required to raise the temperature
of 1 g of the substance 1°C) supplies heat to the liquid anesthetic
during vaporization, retarding the cooling process. If a vaporizer
is constructed of a material with a high thermal conductivity (the
rate at which heat flows through a substance), such as copper,
heat flows from warmer ambient air into the vaporizer to impede
cooling. Materials including copper and bronze are used in the
construction of vaporizers because of favorable values of these
metals for specific heat and thermal conductivity. More recently,
stainless steel has been used in the construction of vaporizers.4

The output of concentration-calibrated vaporizers is generally
expressed as volume percent of anesthetic vapor in the gases ex-
iting the vaporizer. This relative value changes with variation in
barometric pressure.

Compensatory Mechanisms for
Vaporizers
The conditions of use affect the performance of vaporizers and
must be stated in the operation manual for a concentration-
calibrated vaporizer to meet the ASTM standard.1 The effects of
changes in carrier-gas flow, temperature, ambient pressure, and
back-pressure should be delineated. Vaporizers compensate in
various ways for changes in flow, temperature, and pressure.2–4

Compensation for variations in temperature of the liquid anes-
thetic during vaporization can be accomplished by several mech-
anisms. As previously mentioned, copper and bronze materials
with high specific heat and thermal conductivity values supply
and conduct heat efficiently to the liquid anesthetic to promote a
relatively constant temperature. This “heat sink” mechanism at-
tenuates changes in temperature, producing a degree of ther-
mostability. Bimetallic strip valves in Tec vaporizers, a gas-filled
bellows linked to a valve in the bypass gas flow in Ohio cali-
brated vaporizers, and an expansion member (silicone cone) in
Vapor/vaporizers that expand(s) and contract(s) with temperature
changes, alter(s) carrier-gas flow through the vaporization cham-
ber and controlling anesthetic output.4 Manual adjustments in car-
rier-gas flow are required to compensate for temperature varia-
tions in measured-flow vaporizers (e.g., Verni-Trol vaporizer) and
older Vapor vaporizers. Other vaporizers are electrically heated,
and the mechanism for control of the temperature of the anes-
thetic is supplied heat (e.g., Verni-Trol vaporizer on the Ohio DM
5000 anesthesia machine). The Tec 6 vaporizer for desflurane is
electrically heated and thermostatically controlled at 39°C.16

Differences in carrier-gas flow rates alter the output of uncom-
pensated vaporizers. Modern flow-compensated vaporizers pro-
duce relatively accurate anesthetic concentrations over an ap-
proximate range of 250 mL/min to 15 L/min.6 The splitting ratio
(ratio of the bypass to the gas passing through the vaporization

chamber) determines the output of vapor,4 and the resistance to
flow through each of the two channels in the vaporizer allows the
splitting ratio to be maintained at various rates of flow.3 Below
250 mL/min and above 15 L/min, the output from most concen-
tration-calibrated vaporizers is variable, and performance data
outside that range may not be available. Output from older vari-
able-bypass vaporizers (e.g., Fluotec Mark 2) may vary signifi-
cantly from the setting on the control dial at flow rates less than
4 L/min. Measured-flow (flowmeter controlled) vaporizers (e.g.,
Copper Kettle) require adjustments in the flow of oxygen to the
vaporization chamber when the total flow of gas is changed.

Vaporizer output may vary with the composition of the carrier
gas; the output of anesthetic with oxygen as the carrier gas may
differ from the output with a combination of oxygen and N2O as
the carrier gas.2,4 The magnitude of effect is variable, depending
on the specific vaporizer. With N2O, newer vaporizers initially
deliver concentrations that are less than the control-dial setting.
With the Fluotec Mark 3, N2O has little effect on output.
However, N2O as the carrier gas in the Fluotec Mark 2 increases
the output of halothane.2

Back-pressure compensation is a design feature of modern va-
porizers. Intermittent pressure transmitted to a vaporizer during
activation of the flush valve and during application of positive-
pressure ventilation may increase vaporizer output compared
with output of anesthetic during free flow of gases through the
vaporizer.6 Newer vaporizers prevent or minimize this “pumping
effect” by use of small vaporization chambers (e.g., Tecs), long
spiral tubes at the inlet to the vaporization chamber (e.g., Vapor),
pressure-check valves just downstream from the vaporizer, and
relief valves at the vaporizer outlet.2,3,6

Effects of Barometric Pressure on
Vaporizer Function
Variations in barometric pressure (e.g., high altitude or hyper-
baric chambers) alter vaporizer output expressed in volume per-
cent. A specific partial pressure of inhalant anesthetic (e.g., 1
MAC) represents the same anesthetic potency (partial pressure)
at various barometric pressures.20 However, anesthetic concen-
tration is expressed as volume percent on most vaporizers, and
MAC expressed as volume percent increases as barometric pres-
sure decreases. Changing the barometric pressure also alters the
viscosity and density of gases flowing through vaporizers and
flowmeters and affects the output concentration.20 The ASTM
standard states that the effects of barometric pressure on the per-
formance of a vaporizer must be described in catalogs and oper-
ation manuals.1,3

With decreasing barometric pressure, most concentration-
calibrated vaporizers (e.g., Fluotec Mark 3) are considered “self-
compensating” and deliver about the same partial pressure, but
an increasing volume percent of anesthetic.3,20 Basically, the va-
porizer can be set normally in volume percent even though the
volume-percent setting on the control dial is inaccurate.20 In the-
ory, a halothane vaporizer at an ambient pressure of 500 mm Hg
should deliver twice the concentration on the control dial in vol-
ume percent and approximately 1.3 times the dialed concentra-
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tion in terms of MAC or potency.4 Since variations in resistance
of flow through the vaporizer at differing ambient pressures
cause small changes in concentration output,3 the best approach
is to measure partial pressure of anesthetic in inspired or expired
gases when working at atypical barometric pressures.

With measured-flow vaporizers (e.g., Copper Kettle), changes
in barometric pressure affect both partial pressure and volume
percent of the delivered anesthetic.20 If barometric pressure is
low, the output expressed as volume percent and as partial
pressure increases. When the barometric pressure is high,
measured-flow vaporizers deliver a lower anesthetic concentra-
tion, expressed as either volume percent or partial pressure.
Temperature, barometric pressure, and vapor pressure of the
anesthetic all affect the final anesthetic concentration, but the
greatest effects are on anesthetics with low boiling points and
with vapor pressures that are near the barometric pressure.3,20

Changes in barometric pressure also affect the function of
flowmeters. Actual flow increases, becoming higher than the in-
dicator and scale of the flowmeter show, as barometric pressure
decreases.20 In, contrast, a flowmeter will deliver less flow than
indicated when ambient pressure is higher than the barometric
pressure at which the flowmeter was calibrated.3

Potential Problems with Vaporizers
The arrangement of vaporizers on anesthesia machines and how
vaporizers are maintained affect their safety under clinical condi-
tions. Filling errors, improper transport, using vaporizers in se-
ries, and improperly connecting a vaporizer to a machine may
cause significant variations in output.

Veterinary practices often stock more than one inhalant anes-
thetic, and a vaporizer may be inadvertently filled with the wrong
drug, especially if the vaporizer has a screw-cap filler port in con-
trast to a keyed filler port. Keyed filler systems are designed to
prevent the introduction of the wrong anesthetic into a vaporizer
(Fig. 17.22). However, they are more inconvenient, and screw-
cap filler ports and a simple bottle adapter will decrease spillage
(Fig. 17.23). Admittedly, there is an increased chance for incor-
rect filling of vaporizers (Fig 17.24). If an agent-specific vapor-
izer for a drug with a lower vapor pressure (e.g., methoxyflurane)
is filled with a potent, highly volatile anesthetic, dangerously
high concentrations may be produced. If this occurs, the vapor-
izer should be decontaminated before it is used for a patient. The
best approach is to have the vaporizer serviced by a qualified va-
porizer technician. For Ohio calibrated vaporizers, service is re-
quired because the paper wicks must be replaced. For a contam-
inated Tec vaporizer, an option is to drain the vaporizer, flush it
with an oxygen flow of 5 L/min for 45 min or until no trace of a
contaminant is present, allow it to stabilize thermally for about 2
h, and refill it with the appropriate anesthetic. Vaporizers contam-
inated with a nonvolatile contaminant (e.g., water or thymol)
should be drained and serviced.4

Filler ports and sight glasses are designed to preclude overfill-
ing of modern vaporizers, primarily to prevent liquid anesthetic
from entering the fresh gas line of the vaporizer (Fig. 17.25).
Recent designs for some vaporizers prevent liquid from entering
the fresh gas line even during tipping or inversion. However, tip-

ping of certain vaporizers may introduce liquid anesthetic into the
bypass channel.3 If this occurs, a high concentration of anesthetic
vapor may be delivered: Tipping a vaporizer that was not securely
attached to an anesthetic machine has reportedly caused a human
patient’s cardiac arrest.21 Also, moving a vaporizer on a mobile
anesthesia machine may alter vaporizer output if the machine is
tipped or liquid anesthetic is sloshed as the machine is moved over
doorway thresholds. Generally, vaporizers should be emptied be-
fore transport. Even portable anesthesia machines should be
moved with care. If tipping occurs, a high flow of oxygen through
the vaporizer for 20 min with the control dial at a low setting has
been recommended, but servicing may be required.2

One anesthesia machine may be fitted with multiple vaporiz-
ers (Fig. 17.24). Modern anesthesia machines designed for use in
human patients are equipped with interlocking mechanisms that
do not allow two vaporizers to be on simultaneously.6 Few vet-
erinary practices have the luxury of owning anesthesia machines
with interlocking vaporizers. In-line, noninterlocked vaporizers
offer the possibility of operating two vaporizers concurrently,
conceivably producing an excessive depth of anesthesia.2 The si-
multaneous use of more than one vaporizer in series also in-
creases the probability of contaminating a vaporizer with an in-
appropriate agent. If vaporizers are placed in series, the best
order is methoxyflurane, sevoflurane, isoflurane, and halothane
from upstream to downstream: This reduces the chance of con-
tamination by taking into account both vapor pressure and po-
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Fig. 17.22. Bottle adapter for halothane vaporizers with keyed filler
systems. Such systems reduce the likelihood of introducing an inap-
propriate anesthetic into an agent-specific vaporizer. The larger end
(left) of the device attaches to a bottle of halothane, and the opposite
end corresponds to the vaporizer filler receptacle. A screw in the re-
ceptacle enables a tight seal to be created during the filling process.
Bottles of inhalant liquid have a color-coded collar to accept only the
correct bottle adapter (see Fig. 17.23).



tency.3,4 Anesthesia machines with vaporizers in series should be
used carefully if an interlocking mechanism is not in place.

Occasionally, veterinarians will use a freestanding, concentration-
calibrated vaporizer that is periodically connected between the
common gas outlet and the breathing system or between the out-
let of another vaporizer and the breathing system. Also, free-
standing vaporizers are commonly used with pump oxygenators
for cardiopulmonary bypass procedure.4 A freestanding vapor-
izer offers a greater opportunity for tipping. The flow through the
vaporizer might be inadvertently reversed when vaporizer con-
nections are changed periodically, and oxygen may be forced
through the vaporizer with the flush valve if the vaporizer is lo-
cated downstream from the flush valve. All of these situations
lead to a significant increase in the output concentration.6 Use of
a freestanding vaporizer is not the safest approach for access to a
second inhalant anesthetic.

In anesthesia machines designed for veterinary use, a concen-
tration-calibrated vaporizer can be connected in reverse, even
though the connections are labeled and different sizes. In this
configuration, the vaporizer output can potentially be twice that
indicated on the control dial.6

Classification of Vaporizers
Vaporizers have been classified according to several major char-
acteristics:

1. Method of output regulation
2. Method of vaporization

3. Location
4. Mechanism of temperature compensation
5. Agent specificity
6. Resistance

Even though some authors have used only one feature in clas-
sifying vaporizers, such schemes are incomplete because of the
variations among vaporizers.3 As examples of classification
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Fig. 17.23. Bottle adapter (Southmedic, Beaumont, TX) for filling
isoflurane vaporizers with screw-cap filler ports. The isoflurane bottle
has a color-coded collar corresponding to the color on the bottle’s
label and the color of the bottle adapter. This type of bottle adapter is
intended to reduce spillage during the filling of vaporizers with screw-
cap filler ports.

Fig. 17.24. Filling a vaporizer with a screw-cap filler port. Halothane
is about to be poured into an isoflurane vaporizer, illustrating the pos-
sibility of filling a vaporizer with a screw-cap filler port with the wrong
anesthetic. Tec 3 vaporizers for halothane (Fluotec Mark 3) and isoflu-
rane (Isotec 3) are shown in series. The ideal order would be to re-
verse these vaporizers with the isoflurane immediately downstream
from the flowmeters, followed by the halothane vaporizer (see the text
for explanation).

Fig. 17.25. Screw-cap filler system and sight glass for a Fluotec
Mark 3 vaporizer. The location of the filler port prevents the operator
from filling the vaporizer excessively because liquid will overflow if the
maximum level on the sight glass is exceeded significantly. The plas-
tic tubing on the bottom of the filler system facilitates drainage of the
vaporizer.



nomenclature, the characteristics of several vaporizers are sum-
marized in Table 17.2.

1. Regulation of Output
Anesthetic output is regulated in volume percent by variable-
bypass or measured-flow mechanisms.3,4 With variable-bypass
vaporizers, all fresh gas flows into the vaporizer, part being di-
rected through and part bypassing the vaporization chamber. The
gases rejoin before exiting the vaporizer, establishing the anes-
thetic concentration dialed with the control knob. The standard
for these vaporizers is for the control dial to be turned on in a
counterclockwise direction.1 Concentration-calibrated variable-
bypass vaporizers are quite accurate (e.g., Tecs), but uncalibrated
variable-bypass vaporizers (e.g., Ohio #8) are inaccurate.

Measured-flow (flowmeter controlled) vaporizers are consid-
ered non–concentration-calibrated.4 They route a small flow of
carrier gas (i.e., oxygen) through the vaporizer, and this gas be-
comes fully saturated with anesthetic. A second source of gas
(i.e., oxygen and possibly N2O) that never enters the vaporizer
dilutes the saturated gas to the desired concentration.
Calculations are necessary to determine the concentration of
anesthetic that is delivered to the common gas outlet and breath-
ing system.

2. Method of Vaporization
The method of vaporization can be flow-over, bubble-through, or
injection.2–4 Flow-over vaporizers direct carrier gas over the sur-
face of the liquid anesthetic. The surface area may be increased
with wicks to improve the efficiency of vaporization (Figs. 17.26
and 17.27). The Stephens vaporizer can be used with or without
a wick, depending on the anesthetic and the decision of the anes-
thetist.22 The bubble-through method of vaporization delivers
carrier gas below the surface of the liquid through a diffuser (a
sintered bronze disk in the Copper Kettle) that disperses bubbles
of carrier gas through the liquid anesthetic to increase the liquid-
gas interface.4 Efficiency of vaporization increases with smaller

bubbles, deeper bubble dispersion, and slower carrier-gas flow.2

Injection vaporizers deliver a known amount of liquid anesthetic
or pure vapor into a known volume of gas to deliver an accurate
concentration.3

3. Vaporizer Location
In relation to the breathing system, a vaporizer may be located ei-
ther out of the system (vaporizer out of circuit [VOC]) (Fig.
17.28) or in the system (vaporizer in circuit [VIC]) (Fig. 17.29).2

High-resistance vaporizers are used as VOC units, and low-
resistance vaporizers are necessary for VIC use (because the pa-
tient must inspire through the vaporizer). Traditionally, highly
potent, highly volatile anesthetics have been administered with
VOC vaporizers. However, some VIC vaporizers have been used
for delivery of isoflurane and halothane. VIC-type vaporizers
have been characterized as being unpredictable in output.3,23
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Table 17.2. Classification characteristics of some vaporizers used in veterinary anesthesia2–4

Method of Output Method of Temperature 
Vaporizer Regulation Vaporization Location Compensated Resistance Specificity

Ohio #8 VBP CC� FO/wick VIC No Low No
Stephens VBP CC� FO/wick VIC No Low No
Tec 2 VBP CC+a FO/wick VOC Yes High Yes
Tec 3 VBP CC+ FO/wick VOC Yes High Yes
Vapor VBP CC+ FO/wick VOC Yes High Yes
Vapor 19.1 VBP CC+ FO/wick VOC Yes High Yes
Ohio Calibrated VBP CC+ FO/wick VOC Yes High Yes
Siemens NA CC+ Inject VOC No High Yes
Copper Kettle MF CC� Bubble-through VOC Yes High No
Verni-Trol MF CC� Bubble-through VOC Yes High No

CC+, concentration calibrated; CC�, not concentration calibrated; FO, flow-over; MF, measured flow through the vaporizer; NA, not applicable; VBP, vari-
able bypass; VIC, vaporizer in circuit (i.e., in the breathing system); VOC, vaporizer out of circuit (i.e., out of the system).
aA Tec 2 vaporizer is concentration calibrated at higher flows of carrier gas, but output varies with low flows.

Fig. 17.26. Ohio calibrated vaporizer with paper wicks and copper
spacers. The wicks function to increase the surface area for vaporiza-
tion of inhalant anesthetic.



4. Temperature Compensation
As discussed previously, heat is required to vaporize liquid anes-
thetics. To prevent or compensate for cooling that alters the rate
of vaporization of the liquid anesthetic, heat must be supplied to
maintain the temperature of the liquid anesthetic, or the flow of

carrier gas through the vaporizer must be adjusted to account for
the changing rate of vaporization. Heat may be supplied from the
vaporizer itself if it is made of a material with high specific heat
and high thermal conductivity (thermostability).4 Electric heaters
and warm-water jackets were used to supply heat for older vapor-
izers, and an electric heating device has been incorporated into
newer vaporizers (e.g., the Tec 6) designed for desflurane.16 In
other vaporizers, alternative thermostatic mechanisms (e.g., a
change in carrier gas flow through the vaporization chamber)
have been used to counterbalance changes in temperature and va-
porization. Manual adjustments of flow through the vaporization
chamber are made to offset variations in temperature that occur
with measured-flow vaporizers.

5. Agent Specificity
Vaporizers can be either agent specific (designed for a particular
inhalant anesthetic) or multipurpose (used with any volatile liq-
uid anesthetic).2 A vaporizer that is designed and used for multi-
ple agents should be clearly labeled with the name of the agent
currently in the vaporizer. If the anesthetic is changed, the vapor-
izer should be cleared of the original anesthetic before another
anesthetic is introduced into the vaporizer, and draining alone
may not eliminate all of the original anesthetic.3 The trend for va-
porizer type has been toward agent-specific, concentration-
calibrated vaporizers.

Anesthetic Machines and Breathing Systems ● 467

Fig. 17.27. Fluotec Mark 3 vaporizer with cloth wicks. The wicks
function to increase the surface area for vaporization of inhalant
anesthetic. From Hartsfield.5

Fig. 17.28. Diagram of a vaporizer lo-
cated outside the breathing system (va-
porizer out of circuit [VOC]) and its rela-
tionship to the other basic components
of the anesthesia machine and circle sys-
tem. From Hartsfield.5

Fig. 17.29. Diagram of the vaporizer lo-
cated inside the breathing system (va-
porizer in circuit [VIC]) and its relationship
to other basic components of the anes-
thesia machine and circle system. From
Hartsfield.5



6. Resistance
Vaporizers have been classified according to resistance to flow.3

Plenum-type vaporizers are high-resistance vaporizers designed
for location outside of the breathing system, and high resistance
is characteristic of contemporary concentration-calibrated,
variable-bypass vaporizers. Low-resistance vaporizers are those
designed for incorporation into the breathing system3 and in-
clude the Ohio #8 and the Stephens vaporizers.

In-circuit Vaporizers (VICs)
Nonprecision, draw-over, VIC vaporizers were commonly used
in veterinary anesthesia for many years. Until the introduction of
halothane into veterinary anesthesia, perhaps the most widely
used vaporizer for veterinary patients in the United States was
the Ohio #8 glass bottle. Although it is no longer manufactured,
it was the basic vaporizer on many veterinary anesthesia ma-
chines (Pitman-Moore models 960 and 970) sold in the 1970s for
administration of methoxyflurane. In the 1990s, the Stephens va-
porizer was also marketed for use in veterinary patients. Never-
theless, for safety reasons, VIC vaporizers have generally been
recommended for use only with anesthetics of low potency (e.g.,
ether) or low vapor pressure (e.g., methoxyflurane). In human
patients, the Ohio #8 glass bottle was used mostly for adminis-
tration of diethyl ether and, to a lesser extent, methoxyflurane.
The use of halothane and isoflurane in nonprecision vaporizers
located within the circuit has been described specifically when
used with low-flow or closed breathing systems.24

With VIC vaporizers, the inspired anesthetic concentration
varies with a patient’s respiratory minute volume, use of positive-
pressure ventilation, changes in carrier-gas flow rate, and varia-
tions in temperature. At a given vaporizer setting, increased spon-
taneous ventilation, positive-pressure ventilation, and lower fresh
gas flows increase the inspired anesthetic concentration. As has
been stated specifically for the Ohio #8 vaporizer, “The delivered
concentration is unknown and changes unpredictably with
use.”23 Without instrumental monitoring of the inspired or ex-
pired anesthetic concentration, the anesthetist is completely de-
pendent on the response of the patient to determine appropriate
settings for the vaporizer. This is often referred to as qualitative
anesthesia in contrast to quantitative anesthesia, where a known
concentration of inhalant (with knowledge of its potency [i.e.,
MAC value]) is continually delivered to a patient.

Ohio #8 Glass-Bottle Vaporizer
The Ohio #8 vaporizer is classified as variable bypass, flow-over
with wick, non–temperature-compensated, VIC, low resistance,
and multipurpose.2 It is designed very simply: The vaporization
chamber is made of glass, and a cloth wick creates a large sur-
face area for vaporization (Fig. 17.30). The vaporizer is not cali-
brated; thus, it is considered nonprecision. The vaporizer has no
method of controlling the temperature of the liquid. Its low re-
sistance allows it to be situated in the breathing system (VIC),
usually on the inspiratory side of the circle. If positioned on the
expiratory limb, the vaporization chamber may become contam-
inated with water condensing from expired gases. The control

arm of the lever is adjustable from zero, corresponding to no gas
flow through the vaporization chamber, to 10, corresponding to
total inspiratory flow through the vaporization chamber (Fig.
17.31). The possibility of diverting all gas flow through the va-
porization chamber makes the use of highly volatile anesthetics
particularly dangerous, especially if the wick is in place. The
concentration delivered is unknown and may change unpre-
dictably. The function of this vaporizer is probably best summa-
rized by the following statement: “Because of the variability as-
sociated with an in-system vaporizer, it is not possible to give
performance data.”2 The Ohio #8 vaporizer is no longer being
manufactured, and finding expertise and parts for repairing it
may be difficult.

The Ohio #8 vaporizer, modified by the removal of the wick,
has been proposed as an inexpensive alternative for administra-
tion of isoflurane18 and halothane.19 Use of an Ohio #8 vaporizer
for administration of halothane or isoflurane with the wick in
place is dangerous owing to the high concentration of anesthetic
that may be delivered in the inspired gases, especially if all car-
rier gases are diverted through the vaporization chamber. Even
with the wick removed, recommendations for using the Ohio #8
vaporizer for isoflurane include familiarity with guidelines for its
use and understanding of its limitations.18 The Ohio #8 vaporizer
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Fig. 17.30. Partially disassembled Ohio #8 glass bottle vaporizer.
The cloth wick (left) functions to increase the surface area for vapor-
ization of the anesthetic.



also has potential for leaking anesthetic into the breathing system
when the control lever is off.2 With age, the vaporizer’s valves
may not seat properly (Fig. 17.32), allowing continuous passage
of fresh gases through the vaporization chamber and production
of anesthetic-rich gases.

Stephens Vaporizer
The Stephens vaporizer is classified as variable bypass, flow-
over, non–temperature-compensated, VIC, low resistance, and
multipurpose. It is not a precision vaporizer. The vaporizer’s low
resistance allows it to be located within the breathing system on
the inspiratory side. The vaporization chamber is made of glass

(Fig. 17.33), and a wick is provided for administration of meth-
oxyflurane. The wick should not be used for administration of
halothane or isoflurane.22 The vaporizer is not calibrated and 
has no method for controlling the temperature of the liquid. The
control knob is adjustable from the off position to the full-on
position in increments of eighths. The off position indicates no
flow through the vaporization chamber, and the on position cor-
responds to complete flow through the vaporization chamber.
The Stephens vaporizer is intended for use in a low-flow circle
breathing system.22

Out-of-circuit Vaporizers (VOCs)
Modern concentration-calibrated vaporizers located outside of
the breathing circuit are considered precision vaporizers: Any
volatile liquid anesthetic can be administered safely with a con-
centration-calibrated, agent-specific, VOC vaporizer. Several
brands of VOC-type vaporizers are common in veterinary anes-
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Fig. 17.31. Control lever for the Ohio #8 jar vaporizer set at position
2. The numbered positions (0 to 10) on the vaporizer correspond to
increasing flow of carrier gas through the vaporization chamber. At
the closed position (0), all gas entering the vaporizer should bypass
the vaporization chamber, and, at full open (10), all gas entering the
vaporizer should move through the vaporization chamber.

Fig. 17.32. Underside of the head of an Ohio #8 vaporizer showing
valves and seats through which gases enter and leave the vaporiza-
tion chamber. The integrity of these valves in the off position may be
lost because of wear or corrosion leading to carrier-gas flow through
the vaporization chamber, even when the control lever is in the zero
or off position.

Fig. 17.33. Stephens anesthesia machine and vaporizer (Henry
Schein, Port Washington, NY). The glass vaporizer can be set at the
off and full-on positions with incremental settings marked in eighths.
This vaporizer has been used with methoxyflurane (with a wick in
place) and for halothane or isoflurane with the wick removed.



thesia. Many older models of vaporizers, although no longer
being manufactured, remain serviceable and may be purchased
as used equipment. Newer VOC-type vaporizers are temperature,
flow, and back-pressure compensated. The performance of older
VOC-type vaporizers varies with changes in temperature, flow,
and back-pressure, and performance data should be reviewed be-
fore using them. The concentration control dial and the vaporizer
output generally are linear over a wide range of flow rates and
temperatures in newer VOC-type vaporizers. The following
discussion, though not exhaustive, includes information about
several out-of-circuit vaporizers commonly used in veterinary
anesthesia.

Tec Vaporizers
Tec vaporizers specifically designed for halothane or isoflurane
vaporization, particularly the Fluotec Mark 3 and Isotec 3, are
commonly used in veterinary anesthesia. They are considered re-
liable because they are temperature, flow, and back-pressure com-
pensated under normal operating conditions. The Fluotec Mark
3’s predecessor, the Fluotec Mark 2, is no longer being manufac-
tured, but may still be available as used equipment. In some vet-
erinary practices, Fluotec Mark 2 vaporizers remain in use. Tec 4,
5, and 6 vaporizers have superseded the Tec 3 vaporizers for use
in contemporary human anesthesia machines.6,16 Although these
vaporizers have not been as commonly used in veterinary anesthe-
sia, various publications and the specific operation manuals offer
information about their use and performance.3,4,6,16

Fluotec Mark 2
This vaporizer (Fig. 17.34) is classified as variable bypass, flow-
over with wick, VOC, temperature compensated, high resistance,
and agent specific.2 Temperature compensation is with a bimetal-
lic strip valve at the outlet to the vaporization chamber.3

Performance data show that the Mark 2 becomes imprecise at
flow rates below 4 L/min, and inaccuracy increases distinctly
below 2 L/min.2 At flow rates and dial settings likely to be se-
lected for small veterinary patients, the Mark 2’s actual output
tends to be lower than control-dial settings of less than 2% and
higher than dial settings of 2% or greater (Table 17.3).

At the very low flow rates required for closed and low-flow
maintenance techniques, the Mark 2’s output may decrease to
zero or increase to concentrations much higher than the dial set-

tings. Because of its unpredictable output characteristics, the
Mark 2 has been categorized as unsuitable and unreliable for use
with low fresh gas flow rates.2,22,25 Back-pressure (e.g., positive-
pressure ventilation) increases the output of the Mark 2 dramati-
cally at flow rates less than 2 L/min.2,26 A pressurizing valve was
developed for the Mark 2 to minimize the effects of back-
pressure,2 but it may not be present on all Mark 2 vaporizers. The
operator should fully understand the Mark 2’s relatively poor
performance characteristics before using the vaporizer clinically,
and the output diagram for the Mark 2 should be available for
consultation during clinical use (Fig. 17.35).

Tec Mark 3 Vaporizers
These vaporizers are classified as variable bypass, flow-over,
temperature compensated, agent specific, high resistance, and
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Fig. 17.34. Fluotec Mark 2 vaporizer. The performance characteris-
tics for variations in carrier-gas flow are included on the plastic card
attached to the vaporizer (see Fig. 17.35).

Table 17.3. Approximate output (vol%) from a Fluotec Mark 2 vaporizer at various flow rates and dial settings15

Dial Setting 1 L/min 2 L/min 3 L/min 4 L/min 6 L/min 8 L/min

0.5% 0.0 0.0 0.0 0.5 0.5 0.5
1.0% 0.0 0.5 1.0 1.0 1.0 1.0
1.5% 0.5 1.5 1.5 1.5 1.5 1.5
2.0% 1.8 2.0 2.0 2.0 2.0 2.0
2.5% 3.0 2.5 2.5 2.5 2.5 2.5
3.0% 4.0 3.1 3.0 3.0 3.0 3.0
3.5% 5.0 4.0 3.5 3.5 3.5 3.5
4.0% 6.5 5.0 4.1 4.0 4.0 4.0



VOC.2,3 This model type includes the Fluotec Mark 3, the Pentec
Mark 2, and the Isotec 3 vaporizers (Fig. 17.24). The Tec 3 va-
porizer is temperature compensated with a bimetallic, tempera-
ture-sensitive element associated with the vaporization chamber.
Output from the Tec 3 vaporizer is nearly linear over the range of
concentrations and flow rates that would typically be selected for
veterinary patients (250 mL/min to 6 L/min). Back-pressure
compensation is accomplished in the internal design of the va-
porizer with a long tube leading to the vaporization chamber, an
expansion area in the tube, and exclusion of wicks from the area
of the vaporization chamber near the inlet.2

Vapor Vaporizers: Vapor 19.1 and Vapor
The Vapor 19.1 vaporizer (Fig. 17.36) is classified as variable by-
pass, flow-over with wick, temperature compensated, high resis-
tance, agent specific, and VOC.2,3 Specific vaporizers are avail-
able for isoflurane and halothane administration. Temperature
compensation is automatic with an “expansion member” that
varies the flow of gas through the vaporization chamber with
changes in temperature. Pressure compensation is accomplished
by the presence of a long spiral inlet tube to the vaporization
chamber.4 This vaporizer is accurate from 0.3 to 15 L/min of
fresh gas flow at the lower settings on the control dial, but com-
plete saturation may not occur at higher settings with higher
flows. The vaporizer is designed for operation (temperature com-
pensation) in the range of 10° to 40°C.2

The Vapor vaporizer (Fig. 17.37) preceded the Vapor 19 and
19.1, and has been called “semiautomatic” because manual ad-
justments are required for complete temperature compensation
(Fig. 17.38).5 The unit is no longer being manufactured, but some
vaporizers may still be in operation in veterinary practices. The
vaporizer was available for both methoxyflurane and halothane
administration. It is classified as variable bypass, flow-over with

wick, VOC, temperature compensated by manual flow alteration,
high resistance, and agent specific, and is considered to be very
accurate.2 It was designed for thermostability and is constructed
of a large mass of copper as a heat sink to prevent excessive cool-
ing during vaporization.2,27 The concentration dial must be man-
ually adjusted to the temperature chamber within the vaporizer
and the liquid between 16° and 28°C (Fig. 17.38).28 The unit is
flow compensated over a wide range (approximately 250 mL/min
to 10 L/min), with some deviation at high concentrations at high
flows. The mechanism for back-pressure compensation involves a
long coiled tube at the inlet to the vaporization chamber.2

Other Vaporizers
Ohio Calibrated Vaporizer
This vaporizer (Fig. 17.26) has been available for veterinary use
and was commonly employed on human anesthesia machines for
many years. This vaporizer is classified as variable bypass, flow-
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Fig. 17.35. Performance diagram for a Fluotec Mark 2 vaporizer.
The diagram indicates expected output of halothane in volume per-
cent for specific control-dial settings at specific carrier-gas flow rates.

Fig. 17.36. Vapor 19.1 vaporizer (North American Drager, Telford,
PA) for isoflurane and a cross-sectional diagram of the vaporizer: 1,
fresh gas inlet; 2, on-and-off control (activated by concentration
knob); 3, concentration knob; 4, pressure compensation; 5, vaporiz-
ing chamber; 6, control cone; 7, vaporizing chamber-bypass cone; 8,
expansion member for temperature compensation; 9, mixing cham-
ber; and 10, fresh gas inlet. From Lumb and Jones.31
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over with wick, automatically temperature compensated, agent
specific, VOC, and high resistance.2,3 Specific units are manufac-
tured for isoflurane, halothane, and sevoflurane administration.
These vaporizers were designed for accuracy at fresh gas flows
between 0.3 to 10 L/min, and temperature compensation occurs
between 16° and 32°C. Tilting these vaporizers up to 20° while
in use or up to 45° when not in use does not cause problems.
Greater tipping of the vaporizer may cause delivery of high con-
centrations. Between paper wicks, the vaporizer has plastic spac-
ers that may react with enflurane or isoflurane to cause discol-
oration of the liquid anesthetic, apparently without significant
consequences.3

Siemens Vaporizer
This vaporizer is a concentration-calibrated, injection-type, non-
thermocompensated, agent-specific, and plenum (high resist-
ance) unit.3 It has not been used extensively in clinical veterinary
anesthesia, except in laboratory-animal facilities associated with
hospitals for human patients. The vaporizer was designed to cou-
ple with a specific Siemens ventilator. The function and evalua-
tion of this vaporizer have been reviewed elsewhere.3

Measured-Flow Vaporizers
Verni-Trols and Copper Kettles (Fig. 17.39) are flowmeter-
controlled vaporizers that formerly were popular for use in anes-
thesia of human patients.2–4 Copper Kettles were the first devices

to enable precise vaporization of liquid anesthetics.2 These
flowmeter-controlled vaporizers are classified as measured flow,
bubble-through, high resistance, VOC, temperature compensated
(thermally stable with manual flow adjustments based on temper-
ature of the liquid anesthetic), and multipurpose. They have been
classified as saturation vaporizers. These vaporizers are con-
structed of copper (Copper Kettle) or silicon bronze (Verni-Trol)
for thermostability. Back-pressure compensation mechanisms
are present on more recent models and can be fitted on older
models (e.g., check valves). These vaporizers are no longer being
manufactured and are not covered by the ASTM standard of
1989.6 However, they are available on used anesthesia machines
and have been purchased for veterinary patient use. Since these
vaporizers are multipurpose or universal, they can accurately va-
porize halothane, isoflurane, sevoflurane, or methoxyflurane, and
should be clearly labeled for the agent in use.

With measured-flow vaporizers, manual adjustments in flow
rates are required to account for variations in total gas flow, day-
to-day changes in temperature, and changes in liquid temperature
during use, especially with high fresh gas flow rates. In most
cases, a calculator (Fig. 17.40) is supplied with each vaporizer
for determining proper flow rates. Anesthesia machines with
measured-flow vaporizers have oxygen flowmeters for two pur-
poses: One flowmeter routes all of its oxygen through the vapor-
ization chamber, where it is fully saturated with anesthetic; the
other flowmeter supplies oxygen that bypasses the vaporizer and
supplies oxygen to meet the patient’s requirements. Both gas
sources combine at a mixing valve to achieve the proper anes-
thetic concentration before gases enter the breathing system.

Since the output of a measured-flow vaporizer is oxygen fully
saturated with anesthetic, the concentration of halothane or
isoflurane approaches 32%. Dangerously high concentrations of
anesthetic can be delivered to the breathing system if flowmeters
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Fig. 17.37. A halothane Vapor vaporizer (North American Drager,
Telford, PA).

Fig. 17.38. Vapor vaporizer with a control-dial setting of 2% at
28°C. The thermometer (left) indicates the temperature within the va-
porizer (liquid anesthetic). The control dial is used to manually align
the curved line corresponding to the desired anesthetic concentration
with the temperature of the liquid anesthetic (the vertical line with
hash marks) within the vaporizing chamber. From Hartsfield.5



are set carelessly or if the diluent flow is not turned on. It is also
possible to misread the calculator and set incorrect flows.2

Because such high concentrations can be achieved and because
errors in adjustment of flowmeters are possible, the use of con-
tinuous monitoring of the inspired anesthetic agent concentration
has been recommended.4

In addition to using a calculator, the output from measured-flow
vaporizers can be calculated or estimated. Methods, including for-
mulas, for calculating flow requirements for measured-flow vapor-
izers have been reviewed.22 As previously stated, the vaporization
chamber produces an anesthetic concentration equal to the anes-
thetic’s saturated vapor pressure. Thus, if halothane’s vapor pres-
sure is 243 mm Hg at 20°C, approximately 32% halothane is de-
livered to the mixing valve. This concentration is diluted by bypass
gases to an appropriate concentration for the patient.

If a patient is to be maintained with a total gas flow of 2 L/min
and a halothane concentration of 1.5%, then 30 mL/min of
halothane vapor (1.5% � 2000 m/L = 30 mL) must be delivered
to the breathing system along with 1970 mL/min of oxygen.
About 64 mL of oxygen must enter the vaporization chamber
each minute to produce an output of 30 mL/min of halothane: 30
mL = 32% · X, where X is the total gas flow exiting the vaporiza-
tion chamber; thus, X = 94 mL, and 94 mL � 30 mL = 64 mL.
The bypass oxygen flow must equal 2000 mL/min � 94 mL/min
or 1906 mL/min. In all calculations, the total gas flow to the pa-
tient must be considered, including oxygen, N2O, and vaporizer
flows, for determination of anesthetic requirements.

Using similar computations for methoxyflurane administration
at 20°C (vapor pressure = 23 mm Hg), a maximum vaporizer out-
put of 3% can be predicted. Thus, with 2 L/min of total fresh gas
flow to the breathing system and a desired concentration of 1%,
20 mL/min of methoxyflurane (1% � 2000 mL = 20 mL) must
be delivered to the breathing system. About 647 mL of oxygen
must enter the vaporization chamber to deliver 20 mL/min of
methoxyflurane vapor to the breathing system: 20 mL = 3% · X,
where X is the total gas flow exiting the vaporization chamber;
thus, X = 667 mL, and 667 mL � 20 mL = 647 mL. Therefore,
647 mL/min of oxygen must be delivered to the vaporization
chamber to produce a total output of 667 mL/min, including 20
mL of methoxyflurane. The bypass flow must them be equal to
1333 mL/min, for a total flow of 2 L/min to the breathing system.

Most of the hazards associated with measured-flow vaporizers
relate to incorrect use, including errors in calculation of the out-
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Fig. 17.39. Copper Kettle vaporizer (Foregger, Allentown, PA). The
vaporization chamber (copper kettle) with its thermometer is behind
the table top (right rear), and the vaporizer circuit control valve is at-
tached to the left front corner of the tabletop. The flowmeter cluster
from left to right includes the oxygen flowmeter to the vaporization
chamber (black scale), two bypass oxygen flowmeters (green), and
one nitrous oxide flowmeter (blue). This cluster does not meet recent
standards for the arrangement of flowmeters. From Hartsfield.5

Fig. 17.40. A circular slide rule for calculation of oxygen flow rates
for an anesthetic machine with a measured-flow vaporizer. The rule
can be used for several different anesthetics at various total flow
rates over a range of temperatures. This circular slide rule shows that
120 mL of oxygen must be supplied to the vaporizer to produce 3%
halothane at a total gas flow rate of 2 L/min at a vaporizer tempera-
ture of 23°C.



put of vapor, failure to turn on the vaporizer flowmeter or the va-
porizer circuit control valve, and careless handling of the vapor-
izer during filling and transport. With tipping, liquid anesthetic
may enter the discharge tube of the vaporizer, ultimately deliver-
ing very high concentrations of anesthetic to the breathing sys-
tem. Overfilling is also possible in older models.2 Older vaporiz-
ers may not be equipped for back-pressure compensation, and
application of positive-pressure ventilation may significantly in-
crease the concentration delivered.2 An inflowing gas leak at a
faulty O-ring on the base of a sidearm Verni-Trol has reportedly
caused reduced oxygen concentration and hypoxia in human pa-
tients.29 Later models of the same machine incorporated a check
valve to prevent loss of fresh gas flow. Finally, flow rates below
the lowest mark on the scale for the vaporizer’s flowmeter should
not be extrapolated.

Some measured-flow vaporizers, including the Verni-Trol on
the Ohio DM 5000 anesthesia machine2 and the vaporizer on the
old Pitman-Moore 980 veterinary anesthesia machine (Fig.
17.41), designed specifically for methoxyflurane,22,30 were cali-
brated for the vaporizer flowmeter to be measured in cubic cen-
timeters (milliliters) per minute of anesthetic vapor rather than in
milliliters per minute of oxygen flow to the vaporizer. Conse-
quently, using the flow-rate calculation derived from calculators
accompanying Copper Kettles or other Verni-Trol–type machines
with these two machines will result in erroneously high delivered
concentrations to the anesthetic circuit.22,31 Volatile anesthetics
other than methoxyflurane should not be used in the Pitman-
Moore 980 machine’s vaporizer.22,30

Maintenance of Vaporizers
Vaporizers should be conscientiously maintained. In general, the
best policy is to follow the manufacturer’s guidelines for care and
servicing of vaporizers. Recommendations for maintenance vary.
Returning a vaporizer to the manufacturer yearly for cleaning
and calibration has been suggested.32 One source recommends
calibration and testing for leaks every 3 to 6 months.3 Main-
tenance should be performed on a vaporizer if, based on the re-
sponses of patients, the dialed anesthetic concentration is sus-
pected to be erroneous or if any of the components of the
vaporizer function improperly (e.g., the control dial is difficult to
adjust). Servicing, as recommended by the manufacturer, in-
cludes an evaluation of operation, cleaning, changing of filters,
replacement of worn parts, and recalibration.2 Halothane and
methoxyflurane contain preservatives (thymol and butylated hy-
droxytoluene, respectively) that do not vaporize and thus collect
in the vaporization chambers and on the wicks, potentially affect-
ing anesthetic output. Vaporizers should be periodically drained
to eliminate these preservatives. Vaporizers should not be over-
filled or tipped when filled. Vaporizers should be emptied before
removal from the anesthesia machine for service. In the past,
flushing a vaporizer with ether to dissolve preservatives that col-
lect in it has been recommended. Owing to the flammability and
explosiveness of ether, extreme caution should be exercised.
Flushing the vaporizer does not eliminate the need for regular
service by a certified vaporizer technician.

Use of the Wrong Anesthetic in an
Agent-Specific Vaporizer
Using an agent-specific vaporizer for an anesthetic for which the
vaporizer is not calibrated is problematic, especially if the intro-
duction of an anesthetic is unintentional (i.e., the operator does
not realize the mistake). A low output of anesthetic is the ex-
pected result if an anesthetic with a lower vapor pressure is
placed into a vaporizer designed for a drug with a higher vapor
pressure. Conversely, a highly volatile anesthetic in an agent-
specific vaporizer designed for a drug with a lower vapor pres-
sure is likely to produce a high, potentially lethal concentration.
The differential potencies of the drugs in question would be ex-
pected to affect the depth of anesthesia in either situation.

During the introduction of isoflurane into veterinary anesthe-
sia, it was commonly administered with agent-specific, halothane
vaporizers that were not recalibrated for isoflurane. Because the
vapor pressures of halothane and isoflurane are similar, the out-
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Fig. 17.41. Pitman-Moore 980 veterinary anesthesia machine
(Pitman-Moore, Washington Crossing, NJ). This machine includes a
Verni-Trol vaporizer with the oxygen flowmeter (left, white back-
ground) to the vaporization chamber calibrated in milliliters per
minute of methoxyflurane vapor. From Hartsfield.5



put was not expected to differ greatly from the control-dial set-
ting. Indeed, halothane vaporizers produce concentrations of
isoflurane that are reasonably close to the dial setting for
halothane.33 Nevertheless, current manufacturer recommenda-
tions are against the use of isoflurane in halothane-specific va-
porizers and vice versa.3 Depending on the vaporizer and condi-
tions of operation, isoflurane in a halothane vaporizer may
produce 25% to 50% more vapor than expected, and halothane in
an isoflurane-specific vaporizer usually delivers a concentration
that is lower than expected.3 If isoflurane is to be used in an
agent-specific halothane vaporizer, the vaporizer should be serv-
iced and completely recalibrated for isoflurane. Complete cali-
bration implies that the vaporizer has been tested for accuracy
with an anesthetic-gas analyzer at various carrier-gas flows and
various temperatures to assure reliable function.

Common Gas Outlet
This outlet is the site from which gases that have passed through
the flowmeter, vaporizer (VOC), and flush valve exit the anesthe-
sia machine on the way to the breathing system. Typically, there
is a 15-mm internal diameter (ID) opening to which a fitting with
rubber tubing attaches (Fig. 17.21). The other end of the tubing
connects to the fresh gas inlet of the breathing circuit. In some
simple veterinary anesthesia machines with VOC vaporizers, all
gases flow directly from the vaporizer outlet to the fresh gas inlet
of the breathing system.

Disconnections at the common gas outlet, the vaporizer outlet,
or the fresh gas inlet can cause loss of gas flow to the breathing
system. The ASTM standard requires that the common gas outlet
incorporate a retaining device to prevent accidental disconnec-
tion (Figs. 17.42 and 17.43).1 Disconnects should be detected
during the checkout of the machine and breathing system before
each case, but disconnects can occur during use of the machine if
a retaining mechanism is not present.

A disconnection from the common gas outlet or from the out-
let of the vaporizer (Fig. 17.44) during an anesthetic procedure
may not be recognized immediately in a spontaneously breathing
patient. With a circle system and a VOC, low inspired-oxygen
fraction, increased respiratory efforts, and light anesthesia are
likely. Some circle systems (Matrx VMS small animal circle) in-
corporate an air-intake valve (negative-pressure–relief valve [Fig.
17.45]) to entrain room air when the fresh gas flow is inadequate.
With a non-rebreathing system and an outlet disconnect, exhaled
carbon dioxide will be rebreathed, low FIO2 is probable, and the
patient will appear lightly anesthetized with increased respiratory
efforts. The use of an oxygen analyzer for continuous evaluation
of inspired gases enables early detection of this problem.
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Fig. 17.44. The outlet hose on a Fluotec Mark 3 vaporizer mounted
onto a small animal anesthesia machine. The vaporizer outlet con-
nector is attached to a rubber hose that directs anesthetic and carrier
gas to the circle system. Alternatively, the rubber hose could be at-
tached to one of the Mapleson systems. A faulty connection to the
vaporizer or disconnection of the rubber hose could be responsible
for interfering with the delivery of oxygen and anesthetic to the
breathing system.

Fig. 17.42. Common gas outlet on a Drager anesthesia machine.
The retaining device designed to prevent an accidental disconnection
at the common gas outlet is in the closed down position.

Fig. 17.43. Common gas outlet on a Drager anesthesia machine.
The retaining device designed to prevent an accidental disconnection
at the common gas outlet is in the open horizontal position.



Breathing Systems
Anesthetic breathing systems deliver anesthetic gases and oxygen
to the patient, remove carbon dioxide from exhaled gases, and usu-
ally provide a means to manually support ventilation. Spontan-
eously breathing patients inhale and exhale through the breathing
system, and the breathing system should be able to supply enough
gases to meet the peak inspiratory demands of the patient.

The breathing system adds resistance to the flow of gases, and
the diameter of the breathing tubes and other conduits is a major
factor in determining the amount of resistance. Doubling the ra-
dius decreases the resistance 16 times. Halving the length of the
circuit halves the resistance. Changing the direction of gas flow
or routing gases through restrictive orifices creates turbulent flow
and increases resistance. Therefore, breathing systems should be
as short as practical, with maximum diameters in the conduits
and the fewest bends and restrictions in the path of gas flow.2

Generally, the endotracheal tube has the smallest luminal diame-
ter of the breathing apparatus, and the largest tube that is practi-
cal should be selected.

Classification of breathing systems has been called a favorite
pastime among anesthesiology personnel.3 Most systems of clas-
sification are confusing, not exclusive, and thus not helpful to
veterinary students or personnel. When referring to a breathing
system in the veterinary or medical literature, the system should
be named and physically described, the fresh gas flow rates
should be stated, and the patient’s body weight and/or oxygen
consumption should be listed.5,34 This eliminates the need for
cumbersome, obscure classification systems.

Systems Using Chemical Absorption of
Carbon Dioxide
Circle and to-and-fro breathing systems use a chemical absorbent
for exhaled carbon dioxide. They are termed rebreathing systems

because part or all of the exhaled gases, after extraction of 
carbon dioxide, flow back to the patient. In contrast to non-
rebreathing systems, rebreathing systems conserve anesthetic,
oxygen, heat, and moisture, but impart more resistance to venti-
lation. Rebreathing systems are relatively expensive to purchase,
but comparatively economic to operate.

Circle Systems
Pediatric, standard adult (small animal), and large animal circles
differ primarily in their IDs and volumes. Arbitrarily, pediatric
circles have been recommended for veterinary patients weighing
less than 6.8 kg (15 lb), standard adult circles for patients be-
tween 6.8 kg and 135 kg (300 lb), and large animal circles for
larger patients.5 However, choosing the size of circle system for
a veterinary patient may be influenced by the species, the practi-
cal availability of equipment, the type of ventilation used, and the
veterinarian’s preferences. In the anesthesia of human patients, a
pediatric circle usually refers to a standard (adult) absorber as-
sembly, short breathing tubes of small diameter (15 mm ID), and
a small bag.3

All circle systems have the same basic components, arranged
so that gases move in only one direction (Figs. 17.28 and 17.29).
Exhaled gases enter the Y piece and flow through the expiratory
breathing tube and the expiratory one-way valve. Gases may
enter the reservoir bag before or after coursing through the car-
bon dioxide–absorbent canister. On inspiration, gases exit the
reservoir bag and travel through the inspiratory one-way valve,
the inspiratory breathing tube, and the Y piece to the patient.

Components of the Circle System
Y Piece This is usually constructed of plastic and unites the en-
dotracheal tube connector and the inspiratory and expiratory
breathing tubes. The Y piece contributes to the system’s mechan-
ical dead space, but a septum may be present in the Y piece to de-
crease dead space. It has been argued that the amount of dead
space in a standard, adult (small animal) Y piece is not signifi-
cantly greater than that in a non-rebreathing system.35 A standard
adult Y piece has a 15-mm female port for the endotracheal tube
connector, and this port may have a 22-mm outer diameter (OD)
to accept a mask. The two 22-mm male ports connect to the
breathing tubes. Disposable systems may have the Y piece and
breathing tubes permanently attached to each other. The dimen-
sions of the Y piece in large animal circles vary among manufac-
turers, but approximate 50 mm (2 inches).

Breathing Tubes These tubes are usually made of rubber or
plastic, and serve as flexible, low-resistance conduits between
the Y piece and the one-way valves. Corrugations reduce the like-
lihood of obstructions if the tubes are bent. Breathing tubes add
length and volume to the system, and increase resistance to ven-
tilation; the tubes should have an ID larger than the ID of the pa-
tient’s endotracheal tube. Standard adult breathing tubes have a
22-mm ID and have been recommended for small animals
weighing more than 7 kg.36 For smaller patients, 15-mm-ID
tubes are available, whereas 50-mm-ID (2 inch) breathing tubes
are used with large animal circle systems. Breathing tubes do not
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Fig. 17.45. Air-intake valve (negative pressure relief valve) on the
dome of the inspiratory one-way valve of a circle system on a Fraser
Harlake small animal anesthesia machine. The valve is designed to
entrain room air if the supply of fresh gas to the circle breathing sys-
tem is interrupted. In addition, the pop-off valve is attached to the ex-
piratory one-way valve.



contribute to mechanical dead space if the one-way valves are
functional.

One-way (Unidirectional) Valves These paired valves direct
gas flow away from the patient on expiration and toward the pa-
tient on inspiration, preventing the rebreathing of exhaled gases
before they pass through the absorbent canister. Gases enter a
unidirectional valve from below, raise the disk, and pass under
the dome (Fig. 17.46) to the reservoir bag, the absorbent canister,
or the inspiratory breathing tube, depending on the location of
the valve and the design of the circle. The one-way valves are
usually attached to the canister on modern circle systems, but
some older systems located the one-way valves within the Y
piece, where they were more likely to become incompetent.
Valves contribute to the resistance of breathing and should be in-
spected regularly to assure proper function.

Fresh Gas Inlet This inlet is the location at which gases from
the common gas outlet of the anesthesia machine or from the out-
let of the vaporizer enter the circle system. The fresh gas inlet is
located on the absorbent canister near the inspiratory one-way
valve or on the inspiratory one-way valve. Entry of fresh gases on
the inspiratory side of the circle minimizes dilution of fresh gases
with exhaled gases with a VOC, prevents absorbent dust from
being forced toward the patient, and reduces loss of fresh gases
through the pop-off valve.

Pop-off Valve This valve (adjustable pressure-limiting valve,
relief valve, or overflow valve [Fig. 17.47]) vents gases to the
scavenger system to prevent the buildup of excessive pressure
within the circle, and it allows rapid elimination of anesthetic
gases from the circle when 100% oxygen is indicated. The ex-
haust port of the pop-off valve through which overflow gases
enter the scavenger system is designated to have a 10- or 30-mm
male connector according to ASTM standards,1,3 although older

overflow valve ports were sized at 22 mm OD. A pop-off valve
should vent gases at pressures of 1 to 2 cm H2O when it is fully
opened. Several types of pop-off valves are available, but those
with a spring-loaded disk are common. The pop-off valve is most
convenient and relatively conservative with absorbent if it is lo-
cated between the expiratory one-way valve and the absorbent
canister. This location limits waste of fresh gases during exhala-
tion. The pop-off valve is a major safety feature of a circle
breathing system regardless of the mode of operation of the cir-
cle (e.g., closed, low-flow, or semiclosed fresh gas flow rates).
The pop-off valve is designed to prevent the inadvertent buildup
of pressure, and it should remain open except during the admin-
istration of positive-pressure ventilation.

Reservoir Bag This bag is located on the absorber side of the
circle, either upstream or downstream from the canister, depend-
ing on the manufacturer. The reservoir bag, which attaches to the
bag port, has an outside diameter of 22 mm for small animal cir-
cles and 50 mm (2 inches) for large animal circle systems. Gas
from an appropriately sized reservoir meets the patient’s peak in-
spiratory flow demands and provides compliance in the system
during exhalation.3 The bag also provides a mechanism for as-
sisted or controlled ventilation. Excursions of the bag during
spontaneous ventilation enable the anesthetist to assess respira-
tory rate and to roughly estimate the tidal volume. In addition, if
the pop-off valve is inadvertently left closed, the bag provides a
compliant area of the system to prevent the immediate buildup of
excessive pressure. Ideally, the bag should not allow pressures to
exceed 60 cm H2O.3 The minimum size of the reservoir should
be six times the patient’s tidal volume, but as a matter of practi-
cality, the bag’s volume should exceed the patient’s inspiratory
capacity. Therefore, a spontaneous deep breath should not empty
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Fig. 17.46. Components of a unidirectional valve (North American
Drager, Telford, PA) of a circle breathing system. From the left, the
plastic dome, the retaining ring for the dome, the valve itself, and the
valve housing are depicted. From Hartsfield.5

Fig. 17.47. Pop-off valve and manometer on a circle breathing sys-
tem of a VMS anesthesia machine. The exhaust port (19-mm outer di-
ameter) of the pop-off valve is attached to clear corrugated tubing,
which directs waste gases to the scavenging system. The air-intake
valve is mounted on the top of the dome for the inspiratory (right)
one-way valve and functions to entrain room air if the fresh gas sup-
ply to the circle system fails.



the bag.4 For small animal circle systems, 1-, 2-, 3-, and 5-L bags
are common, whereas 15-, 20-, or 30-L bags are used for large
animals. An optimally sized bag enables the anesthetist to manu-
ally support ventilation comfortably and to observe ventilatory
excursions. An unnecessarily large bag is cumbersome, impairs
monitoring, and slows changes in the inspired anesthetic concen-
tration when settings on an out-of-circuit vaporizer are increased
or decreased.

Manometer This device (Fig. 17.47) is a pressure gauge that is
usually attached to the top of the absorber assembly. It is cali-
brated in centimeters of water (cm H2O), although it may have a
scale in kilopascals or in millimeters of mercury (mm Hg).
Primarily, manometers are used to assess pressures during as-
sisted or controlled ventilation.

Air-Intake Valve This valve (negative-pressure–relief valve) is
included on some veterinary anesthesia machines (Matrx VMS
small animal) (Fig. 17.47). Located on the dome of the inspira-
tory one-way valve in these small circle systems, the valve will
entrain room air in emergencies (i.e., absence of fresh gas in-
flow). If fresh gas flow is interrupted, the valve allows ambient
air (21% oxygen) to enter the circle and prevents the patient from
inspiring against a negative pressure and becoming hypoxic.

In-circuit Vaporizers Vaporizers can be located within the
breathing system (Fig. 17.29), the Ohio #8 glass bottle and the
Stephens being the most likely vaporizers located in this posi-
tion. The primary requirement is that the in-circuit vaporizer be
of a low-resistance type, because patients must inspire through
the vaporizer.

Absorber This assembly, which contains the canister for the
chemical absorbent for carbon dioxide, is located between the
one-way valves, on the side of the circle opposite the patient (Fig.
17.48). The canister is usually one plastic container or two
stacked plastic containers. For a specific patient, the canister
should be large enough to contain an airspace between chemical
granules that is equal to or greater than the patient’s maximum
tidal volume. The intergranular space is approximately 50% when
a canister is filled with standard absorbent (4- to 8-mesh size).4

Exhaled gases may enter the top or bottom of a canister, and baf-
fles or annular rings (Fig. 17.49) in many absorbers move gases
toward the center of the canister to compensate for lower resist-
ance to gas flow near the canister wall. Without baffles or annular
rings, channeling of gases and inefficient absorption of the carbon
dioxide may occur. Internal tubes for gas return from an absorber
may enhance the wall effect and gas channeling.2 Some absorber
units, especially those for large animals, have drain in the bottom
to discharge water that condenses from exhaled gases.

The canister filled with absorbent, besides being a source of
resistance during ventilation, is an important area for malfunc-
tions in circle systems. The canister is removed regularly to
change the absorbent, and failure to create a seal adequately
when replacing the canister causes leaks. Normal wear and tear
may damage the canister, the caustic effects of soda lime may

corrode metal parts, and aging causes gaskets to deteriorate.
Simply leaving soda lime granules on the gaskets can make a
tight seal impossible. One report described the bypass of soda
lime with resultant hypercarbia because of the disconnection of
the diffuser foot from the conduction tube in the canister on a vet-
erinary anesthesia machine.37 Newer circle systems are con-
structed with materials less vulnerable to the effects of soda lime.

Some circle systems were designed with a mechanism for pur-
posely bypassing the absorbent canister (Fig. 17.50). The bypass
was intended for use during the changing of soda lime and for in-
tentionally elevating the inspired concentration of carbon dioxide.2

If these obsolete systems are used in veterinary practices, the op-
erator should understand the function of the bypass and its control
apparatus and should not operate the circle in the bypass mode.
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Fig. 17.48. Absorber assembly for a Matrx (Orchard Park, NY) large
animal circle breathing system. Attached to the absorber canister are
the unidirectional valves, the manometer, the ports for the breathing
hoses and reservoir bag, and the pop-off valve.

Fig. 17.49. An absorber assembly with an annular ring. The ring di-
ameter, being smaller than the canister diameter, promotes disper-
sion of gases throughout the canister and helps to prevent preferen-
tial flow of gases next to the walls of the canister leading to the
development of dead space.



Chemical absorption of carbon dioxide is a fundamental func-
tion of circle and to-and-fro breathing systems. Depending on the
fresh gas inflow, all or part of the exhaled carbon dioxide may be
absorbed chemically. If the fresh gas flow approximates the pa-
tient’s oxygen consumption, almost all exhaled carbon dioxide
will be chemically neutralized. Chemical absorption of carbon
dioxide allows lower fresh gas flows, reduces wastage of anesthet-
ics and oxygen, and lowers the cost for anesthesia. With high fresh
gas flows, much of the exhaled carbon dioxide escapes through
the pop-off valve and into the scavenger system, and the depend-
ence on chemical absorption of carbon dioxide is decreased.

Chemical Absorption of Carbon Dioxide
Calcium hydroxide is the primary component of soda lime and
barium hydroxide lime, the two most common absorbents for car-
bon dioxide. Small amounts of sodium and potassium hydroxide
in soda lime activate the reaction, and silica and kieselguhr are in-
cluded to give hardness to the granules.2,3 Barium hydroxide lime
is inherently hard owing to bound water molecules and does not
require silica.2 For optimal absorption of carbon dioxide, 14% to
19% H2O is required in soda lime. Water formed during granule
reactions with carbon dioxide can be useful in humidifying dry
gases from the fresh gas inlet, but does not participate in the reac-
tions of chemical absorption of carbon dioxide. The overall chem-
ical reaction of carbon dioxide with soda lime includes multiple
steps (e.g., carbon dioxide first reacts with water to form carbonic
acid), but can be summarized as follows:

2 NaOH + 2 H2CO3 + Ca(OH)2 b CaCO3 + Na2CO3 + 4 H2O + heat

(CaCO3, calcium carbonate; Ca[OH]2, calcium hydroxide;
H2CO3, carbonic acid; Na2CO3, disodium carbonate; and NaOH,
sodium hydroxide)

The granule size for chemical absorbents is typically 4 to 8
mesh and represents a compromise between absorptive activity
and airflow resistance.2 Small granules offer the most surface
area for chemical reactions, but large granules impose less re-
sistance to gas flow through the canister. Proper packing of a can-
ister is necessary to prevent flow of gases over a single pathway
in the canister, creating excessive dead space. Gentle shaking of
the canister upon filling it with an absorbent will avoid loose
packing and reduce channeling. Packing too tightly should be
avoided to prevent formation of dust and increased resistance to
ventilation.4

During evaluation of a rebreathing system, the anesthetist
should confirm that the absorbent is functional. Fresh granules
of calcium hydroxide are soft enough to be easily crushed,
whereas expended granules have chemically changed to calcium
carbonate and are hard (Fig. 17.51). Indicators of pH are added
to absorbents to show color changes as chemical reactions pro-
ceed. Soda lime changes from white to violet as the granules are
exhausted. The violet may revert to white during storage, but
will reappear when the granules are exposed to carbon dioxide
again. Newer CO2 absorbents will maintain this color change
and are less reactant producing less heat, carbon monoxide, and
compound A. The absorption of carbon dioxide is an exothermic
reaction, and a “heat line” should be detectable on the wall of
the canister if carbon dioxide absorption is effective. Heat is par-
ticularly notable in canisters for large animals. The amount of
carbon dioxide absorption is about 26 L/100 g,4 but efficiency
may vary, depending on the design of the canister and the
method of packing. When using a circle system with a chemical
absorbent, the inspired carbon dioxide should be near zero.2

Measuring the concentration of carbon dioxide in inspired
gases, with 0.1% to 1.0% being acceptable38,39 is the most accu-
rate way to determine whether the absorbent is functional.2,3

Without such measurements, the absorbent should be exchanged
when the color reaction is apparent in approximately two-thirds
of the absorbent.2,36
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Fig. 17.50. The top of an absorber from an obsolete circle breath-
ing system. The control on the absorber functions to direct exhaled
gases through one or both chambers of the canister. With both indi-
cators in the closed position, exhaled gases bypass the carbon diox-
ide absorbent completely.

Fig. 17.51. Evaluation of the consistency of soda lime granules.
Functional granules are relatively soft and easily crushed, whereas
expended granules are hard.



Fresh Gas Flows for Circle Breathing Systems
Fresh gas flow–rate recommendations for circle systems are
somewhat controversial. Semiclosed, low-flow, and closed cir-
cles are the options, and when all factors are considered, a veteri-
narian’s personal preference usually determines the flow of fresh
gas. Nevertheless, there are differing advantages to the various
fresh gas flow rates discussed. The terms closed, low-flow, and
semiclosed are often used in reference to circle breathing systems
and refer to the fresh gas–inflow rate compared with the meta-
bolic needs of the patient. The terms do not denote any structural
differences among the breathing systems, and they do not relate
any information about the state of the pop-off valve (open or
closed).

Closed Circle System
Closed-system anesthesia occurs when there is a low flow of
anesthetic gases and oxygen to the patient and system.3 Thus, the
oxygen flow into a closed circle approximates the patient’s oxy-
gen consumption, which varies with the patient’s metabolic rate.
Metabolic rate and oxygen consumption are influenced by the
patient’s body weight and body-surface area, its temperature, its
state of consciousness, and the type of anesthetic. Table 17.4 lists
values for oxygen consumption in dogs as reported in several
publications. Table 17.5 includes published recommendations for
fresh gas flows for closed circle systems in dogs, and all fall
within the minimum and maximum rates of oxygen consumption
reported for dogs as listed in Table 17.4. In practice, observation
of the reservoir bag enables the anesthetist to adjust the fresh gas
flow to approximate the patient’s uptake of gases when using a
closed system.

Although a patient’s oxygen consumption is used to guide the
rate of fresh gas flow into a closed system, the minimum flow of
carrier gas for accurate function of the vaporizer should be con-
sidered. Concentration-calibrated, variable-bypass vaporizers
(VOCs) require a certain minimum flow to assure proper per-
formance, and flow below the minimum may cause erratic output
of anesthetic. With a vaporizer, the lowest flow known to produce
a reliable output should be the minimum acceptable flow for the
breathing system. Strategies for using closed-system anesthesia
with both in-circuit and out-of-circuit vaporizers have been re-
viewed.24

Generally, N2O is not used in a closed breathing system because
of the potential for developing hypoxic gas mixtures with low in-
flow of oxygen. If N2O is administered in a closed system, contin-
uous monitoring of FIO2 is imperative. With closed systems, de-
nitrogenation of the system by emptying the reservoir bag through
the pop-off valve and refilling the system with fresh gas should be
done two to four times during the first 15 min of anesthesia and
each 30 min thereafter to prevent exhaled nitrogen from diluting
oxygen in the system.31,40 A closed system is completely depend-
ent on chemical carbon dioxide absorption, and the quality of the
absorbent should be assured before each use. Ideally, the inspired
concentration of carbon dioxide should be monitored to assure
proper function of the absorbent. Closed systems are more eco-
nomic, retain more heat and humidity, and are less likely to pro-
duce operating-room pollution than other systems.

Low-Flow Circle System
Low-flow anesthesia for small animals has been defined as an
oxygen flow rate greater than the patient’s oxygen consumption (4
to 7 mL · kg�1 · min�1) but less than 22 mL · kg�1 · min�1.24 In
the definition, 22 mL · kg�1 · min�1 was used because it is the
lower limit of the traditional range of flow for a semiclosed circle
system.41 The advantages of a low-flow system are similar to
those for a closed system, including economy, reduced waste gas,
and some retention of heat and moisture.42 The primary disadvan-
tage of low-oxygen-flow techniques relates to the inadequate de-
livery of anesthetic from a concentration-calibrated, variable-
bypass vaporizer during mask induction or during the transition
from a short-acting injectable anesthetic induction to the mainte-
nance of inhalant anesthesia. The suggested solution for this prob-
lem is the use of higher fresh gas flow rates for the first 15 to 30
min of anesthesia, followed by a change to low-flow technique
after the uptake of inhalant anesthetic by the patient has de-
creased.24 Similarly, changing depth of anesthesia is slower with
low fresh gas flow rates. To increase anesthetic concentration in
the system with a concentration-calibrated, out-of-circuit vapor-
izer, the fresh gas flow should be increased temporarily to speed
the process. To lower the anesthetic concentration, the concentra-
tion setting on the vaporizer should be decreased and fresh gas in-
flow increased with either an out-of-circuit or in-circuit vaporizer
location. For small animals, 10 to 15 mL · kg�1 · min�1 has been
suggested as an appropriate flow rate for a low-flow system.24

Semiclosed Circle System
This terminology describes a system in which the fresh gas in-
flow exceeds the uptake of oxygen and anesthetic by the patient.

480 ● Equipment and Monitoring

Table 17.4. Values reported for consumption of oxygen in dogs

Oxygen Consumption
(mL · kg �1 · min�1) Conditions Reference

6 to 8 mL · kg �1 · min�1 Anesthetized Soma46

10 to 11 mL · kg �1 · min�1 Anesthetized Soma46

4 to 8 mL · kg �1 · min�1 Awake, resting Haskins63

9 to 14 mL · kg �1 · min�1 Ketamine anesthesia Haskins63

3 to 7 mL · kg �1 · min�1 Barbiturate and Haskins63

inhalant anesthesia
4 to 7 mL · kg �1 · min�1 Basal metabolic rate Wagner and 

Bednarski24

Table 17.5. Recommendations for oxygen flow for closed circle
systems in veterinary anesthesia

Oxygen Flow Rate Reference

11 mL · kg �1 · min�1 Hartsfield5

4.4 to 11 mL · kg �1 · min�1 Muir and Hubbell41

4 to 7 mL · kg �1 · min�1 Wagner and Bednarski24

4.4 to 6.6 mL · kg �1 · min�1 Muir and Hubbell32



Traditional flows for semiclosed circle systems range from 22 to
44 mL · kg�1 · min�1.24,41 A significant quantity of excess gas
must be eliminated through the pop-off valve. The choice of flow
rate for a semiclosed circle is based primarily on personal pref-
erence, but the patient’s oxygen consumption times three has
been a common guideline. For example, if a dog’s oxygen con-
sumption is 7 mL · kg�1 · min�1, the fresh gas flow would be 21
mL · kg�1 · min�1. Use of N2O will increase total gas flow re-
quirement. For a 50% N2O mixture, oxygen flow would equal 21
mL · kg�1 · min�1, and N2O flow would equal 21 mL · kg�1

· min�1, with a total fresh gas flow of 42 mL · kg�1 · min�1. With
a semiclosed circle, nitrogen accumulation within the system is
not significant because gases are rapidly eliminated through the
pop-off valve. N2O can be used safely, the inspired anesthetic
concentration can be changed rapidly, and dependency on the
carbon dioxide absorbent is less because carbon dioxide is partly
eliminated through the pop-off valve into the scavenging system.
However, the retention of heat and humidity is lessened, and
economy is less, compared with closed and low-flow systems.

Breathing systems that produce the least resistance to gas flow
should be chosen for spontaneously breathing patients.
Resistance to gas flow through a circle breathing system is influ-
enced primarily by the pop-off valve, unidirectional valves, and
carbon dioxide absorbent canister.2 The total resistance in a cir-
cle system varies with the fresh gas flow rate and the type of ven-
tilation. High fresh gas flow rates can increase flow through the
pop-off valve and therefore may increase resistance to ventila-
tion. The ventilation pattern affects the flow rate and therefore
the resistance through the soda lime canister and the unidirec-
tional valves.2

Resistance to breathing has been cited as a reason for not using
adult circle systems for pediatric patients. However, Dorsch and
Dorsch2 suggest that the use of circle systems in spontaneously
breathing pediatric patients may not be contraindicated solely on
the basis of resistance. For veterinary patients, it has been recom-
mended that circle breathing systems are appropriate for healthy
animals weighing as little as 2.5 to 3.0 kg.24,43,44

Resistance to constant flow in large animal breathing circuits
has been assessed.45 Greater resistance occurs with higher flows
through all of the breathing circuits. The Drager and Fraser
Sweatman circuits were intermediate in total resistance when
nine different circuits were compared, and each circuit had indi-
vidual parts that contributed significantly to resistance in at least
one of the circuit types. Since low resistance is considered an ad-
vantage, it has been suggested that most larger animal breathing
circuits be redesigned to help minimize resistance.

To-and-Fro System
This type of rebreathing system (Fig. 17.52) is much less popu-
lar than the rebreathing circle and Mapleson systems. The to-
and-fro system has a carbon dioxide–absorbent canister located
between the endotracheal tube connector and a reservoir bag. A
pop-off valve and the fresh gas inlet are positioned between the
canister and the endotracheal tube connector. A to-and-fro sys-
tem is suitable for both large and small animals if proper canis-
ters are available.28,46 With low flows approximating the pa-
tient’s oxygen consumption, carbon dioxide removal depends on
chemical absorption. With higher flows, part of the expired car-
bon dioxide is vented through the pop-off valve.

Portability, simplicity, and ease of disassembly for cleaning
are advantages of the to-and-fro system. Disadvantages are re-
lated to the position of the system, including the canister, next to
the patient. Heat produced during carbon dioxide absorption may
be transferred to the patient during inspiration, there is greater
potential for inhalation of alkaline dust from the absorbent than
with a circle system, and the system is quite cumbersome. Over
time, channeling of gases through the canister may create dead
space in the absorbent, causing inefficient absorption of carbon
dioxide. The horizontal position of the canister is probably less
desirable than the vertical position used in most circle rebreath-
ing systems.4 As with circle systems, denitrogenation during the
early phases of anesthesia is required to prevent hypoxia, espe-
cially with lower fresh gas flows.

Mapleson Systems
Breathing systems that use no chemical absorbent for car-
bon dioxide, but depend primarily on high fresh gas flow rates 
to flush exhaled carbon dioxide from the system, have been
classified as Mapleson systems. They have been called non-
rebreathing systems as a group, though this terminology is tech-
nically incorrect because some rebreathing of exhaled gases oc-
curs in most of these systems, especially with lower recom-
mended flow rates.5

The Mapleson systems are simple and easy to use, are easily
cleaned and sterilized, are lightweight and compact, can be posi-
tioned conveniently, have few moving parts, are relatively inex-
pensive, impart little resistance to respiration, do not require car-
bon dioxide absorbents, add minimal mechanical dead space, and
allow the inspired concentration of anesthetic to be changed rap-
idly. The main disadvantages of using Mapleson systems is the
requirement for higher flow rates of fresh gas, which decreases
temperature and increases cost. Higher flow rates promote hy-
pothermia and drying of the respiratory tract. The Mapleson sys-
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Fig. 17.52. Diagram of a to-and-fro rebreathing delivery
system showing the component parts: patient connector,
pop-off valve, fresh gas inlet, canister, and reservoir bag.
From Hartsfield.5



tems are diagramed in Fig. 17.53, and characteristics of the
Mapleson systems are listed in Table 17.6.

Magill System
The Magill system (Fig. 17.54) is classified as a Mapleson A sys-
tem and is characterized by a fresh gas inlet, an overflow valve
near the patient, and a corrugated tube connecting the patient end
of the system to a reservoir bag.46 Fresh gas flows continuously

into the reservoir bag and into the corrugated tubing, moving car-
bon dioxide–rich gases through the overflow valve. The system
is efficient during spontaneous ventilation, but, during controlled
ventilation, some rebreathing of expired gases occurs. Fresh gas
inflow should approximate the patient’s minute volume,9 with
flows less than 0.7 of minute volume leading to some rebreath-
ing.2 The N2O flow should be calculated as a part of the total
fresh gas inflow. The volume of the corrugated tubing and the
reservoir bag should be equal to or greater than the patient’s tidal
volume. Because of the location of the overflow valve, the sys-
tem is relatively cumbersome during controlled ventilation.

Bain Coaxial System
This system (Fig. 17.55) is classified as a modified Mapleson D
design. It is configured as a tube within a tube.9 The internal tube
(0.7 mm ID) supplies fresh gases to the patient end of the system
(Fig. 17.56), minimizing mechanical dead space. The Bain sys-
tem accepts an endotracheal connector (15 mm) or a mask (22
mm). The external corrugated tube conducts exhaled gases from
the patient to a reservoir bag. The reservoir bag may attach di-
rectly to the corrugated tubing, in which case the pop-off valve is
built into the bag, or the corrugated tubing may attach to a metal
head with drilled channels and accommodations for the reservoir
bag, the overflow valve, and optionally a manometer.2,3

Recommendations for total fresh gas flow into a Bain system
are variable for both human and animal patients. Recommenda-
tions have been based on minute volume, body weight, and body
surface area.2 During spontaneous ventilation, 200 to 300 mL 
· kg�1 · min�1 has been recommended for anesthesia of human
patients.9 Fresh gas flows from 100 to 150 mL · kg�1 · min�1

have been recommended for veterinary patients.36,47 Some inves-
tigators48 have suggested a fresh gas flow rate of 200 mL · kg�1

min�1 for patients weighing less than 7 kg, whereas others have
recommended a flow rate of 220 to 330 mL · kg�1 · min�1.32 The
fresh gas flow that will eliminate rebreathing during spontaneous
ventilation with a Bain system differs significantly from patient
to patient. After reviewing numerous references, Dorsch and
Dorsch3 concluded that most studies recommended fresh gas
flows of 1.5 to 3.0 times minute volume. Less than two to three

482 ● Equipment and Monitoring

Table 17.6. Characteristics of the Mapleson breathing systems

Presence of Corrugated
Class Fresh Gas Inlet Overflow Location a Reservoir Tubing Example System

A Near the reservoir Near the patient Yes Yes Magill
B Near the patient Near the patient Yes Yes a

C Near the patient Near the patient Yes No a

D Near the patient Away from the patientb Yes Yes a

MDc Near the patient Away from the patient Yes Yes Bain
E Near the patient Away from the patient No Yes T-piece
F Near the patient Away from the patientb Yes Yes Jackson-Rees

aNo system in this classification is commonly used in veterinary anesthesia.
bThe overflow may be located between the reservoir and the corrugated tubing of the system.
cMD, modified Mapleson D system.

Fig. 17.53. Diagrams of each of the Mapleson breathing systems
(A–F, Mapleson systems). From Rayburn.64



times the minute volume will result in some rebreathing of car-
bon dioxide, but the end-tidal carbon dioxide concentration may
remain normal even with some rebreathing of carbon dioxide.3

For spontaneously breathing patients, 440 to 660 mL · kg�1

· min�1 may be used for maintenance of anesthesia with the Bain
system to assure that rebreathing of exhaled gases does not con-
tribute to increases in arterial carbon dioxide partial pressure.
Without regular monitoring of carbon dioxide tensions or expired
carbon dioxide values, the exact flow requirements are difficult

to define for an individual patient. Minute volumes for dogs and
cats range from 170 to 350 mL · kg�1 · min�1 and 200 to 350 mL
· kg�1 · min�1, respectively.49 Using these values for minute vol-
ume, an argument can be made for even higher flows than 660
mL · kg�1 · min�1. In general, a total fresh gas flow of less than
500 mL/min or more than 3 L/min with a Bain system is not rec-
ommended for animals that weigh less than 6.8 kg. With con-
trolled ventilation, 100 mL · kg�1 · min�1 is apparently an ade-
quate flow for fresh gases.50 For larger patients maintained with
an adult Bain system, lower total fresh gas flow (e.g., 100 mL 
· kg�1 · min�1) may be appropriate. Use of Bain systems has
been effective in dogs weighing up to 35.5 kg.47 Fresh gas flows
higher than usually recommended are indicated in situations of
increased carbon dioxide production, increased dead space, and
decreased minute ventilation.3 Flow rates of two to three times
minute volume have been recommended for hypoventilating an-
imals in which controlled ventilation was not corrective.47

During spontaneous ventilation, a Mapleson D system has
been shown to function identically to a Mapleson F system.2 The
Bain’s coaxial design has been shown to be effective in reducing
loss of heat and humidity,2 although the overall benefit is ques-
tionable in small veterinary patients maintained with relatively
high fresh gas flow rates.

Ayre’s T-Piece and Norman Mask Elbow Systems
Ayre’s T-piece and Norman mask elbow systems (Fig. 17.57)
equipped with an expiratory limb (corrugated tubing) and reser-
voir bag are classed as Mapleson F systems.2 Without a reservoir
bag, they are Mapleson E systems. The T piece itself is a T-
shaped tube with a 1-cm ID. Fresh gas enters the tube from the
side, perpendicular to the direction of gas glow during ventilation
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Fig. 17.56. The two ends of a Bain coaxial system showing the lo-
cation for attachment of the reservoir bag (top left) and the endotra-
cheal tube (bottom right). Fresh gases enter at the reservoir end (Y
connection at the top right) and move through the small inner tube to
the patient end of the system (triangular supports). From Hartsfield.5

Fig. 17.54. Diagram of a Magill system illustrating the basic
components and the entry of fresh gases. From Hartsfield.5

Fig. 17.55. Diagram of a Bain coaxial system attached
to an anesthesia machine. Fresh gas flows from the out-
let of the vaporizer or the common gas outlet of the
anesthesia machine to enter the Bain system near the
reservoir. Moving through the Bain’s inner tube, fresh gas
is delivered near the patient end of the system. Exhaled
gases flow through the corrugated tubing to the reservoir
and the overflow to the scavenging system.



(Fig. 17.57). One end of the tube attaches to the endotracheal
tube connector, and the other end attaches to an expiratory arm
(corrugated tubing equivalent to one-third of the patient’s tidal
volume) to which a reservoir bag may or may not be attached.
The reservoir bag has an overflow valve. An Ayre’s T piece with
an expiratory tube and reservoir is a Rees modification of an
Ayre’s T piece or a Jackson-Rees system.2

During spontaneous ventilation, fresh gas flows to the patient
during inspiration; during expiration and prior to the next inspi-
ration, gas flows toward the reservoir. Gas flow follows the path
of least resistance. Inspiratory flow requirements in excess of the
fresh gas flow are obtained from the expiratory arm and reser-
voir. During expiration and before inspiration, high gas flow
clears exhaled gases from the expiratory tube and washes out car-
bon dioxide. Such a system should have an ID of at least 1 cm to
minimize resistance.

Generally, two to three times the patient’s minute volume is
recommended to prevent dilution of the inspired anesthetic con-
centration and rebreathing of carbon dioxide with Mapleson F
systems. If N2O is used, the desired concentration is calculated
using N2O as a portion of the total fresh gas flow. Variable rec-
ommendations for the most appropriate flow rates to use with
these systems exist in the veterinary literature.

In a Norman mask elbow system, the direction of gas flow into
the system is parallel to the flow of gases into the endotracheal
tube during inspiration and expiration (Fig. 17.57). The fresh gas
inlet is located in the center of the patient end of the system. This
location probably reduces dead space slightly more than the
Ayre’s T-piece system. Also, the patient end of the elbow accepts
a standard mask (22 mm). Recommendations for flow rates, tube
sizes and volumes, and reservoir sizes and volumes are similar to
those for the Ayre’s T-piece system. Controlled ventilation can be
used with either system by closing the overflow valve and com-
pressing the reservoir bag. To prevent rebreathing during con-
trolled ventilation, the expiratory tube’s volume should be greater
than the patient’s tidal volume.

Resistance to ventilation in the Mapleson systems is minimal,2

which may be advantageous for small patients. The advantages
of modern “non-rebreathing” systems for very small patients in-
clude decreased resistance to ventilation, better gas exchange,
greater control of the depth of anesthesia, and fewer mechanical

problems.48 Hazards of non-rebreathing systems relate primarily
to outflow occlusion, development of excessive airway pressure,
and barotraumas to the lungs, including development of pneu-
mothorax.

Care in positioning the Mapleson systems and judicious use of
overflow valves during positive-pressure ventilation are impor-
tant considerations. Activation of the flush valve when a non-
rebreathing system is being used can overpressurize the respira-
tory system, causing volutrauma (rapid overexpansion of the
lungs) and subsequent pneumothorax. Therefore, the machine’s
flush valve should not be used when one of the Mapleson sys-
tems is connected to a patient.

Systems with Non-rebreathing Valves
Numerous non-rebreathing valves (e.g., Stephens-Slater, Fink,
and Digby-Leigh) have been designed for anesthesia breathing
systems, but they are not commonly used today.3 These breath-
ing systems with one-way valves were cumbersome, and essen-
tially have been replaced by the Mapleson and circle systems.
Presently, non-rebreathing valves are used most in self-inflating
bags for resuscitation or transport of patients requiring manual
ventilation.

Stephens-Slater System
This system (Fig. 17.58) was in common use in veterinary anes-
thesia in the 1970s, but today is mainly of historical interest. The
system was designed with two one-way valves, one directing gas
from the reservoir to the patient and blocking exhaled gases from
the reservoir and a second valve directing exhaled gases away
from the system and preventing entry of ambient gases during in-
spiration. Fresh gases enter the system through the reservoir bag
and move through the inspiratory valve to the patient. The recom-
mended total fresh gas flow is equal to the patient’s minute vol-
ume.2,46 The flow of N2O, if used, is calculated as a part of the
total fresh gas flow. Since the valves are located near the patient,
the system is cumbersome, especially with manual ventilation,
during which the exhalation valve is held closed while the reser-
voir bag is compressed. The reservoir must be monitored closely
to assure sufficient gas to meet inspiratory demands. This valved
system added minimal dead space and resistance to respiration.
However, the valve flaps could stick and obstruct ventilation. The

484 ● Equipment and Monitoring

Fig. 17.57. Diagrams of Norman Mask Elbow
system (bottom) and Ayre’s T-piece system (top).
From Hartsfield.5



system was popular prior to the advent of scavenging, which
presents some difficulty with the Stephens-Slater system.

Resuscitation Bags
These self-inflating bags incorporate non-rebreathing valves. As
an example, an Ambu bag (a bag valve mask) facilitates resusci-
tation and transport of apneic or anesthetized patients. Oxygen
can be delivered into the reservoir bag to increase FIO2. When the
bag is compressed, the increase in pressure closes the exhalation
port and gases enter the patient’s respiratory system. When pres-
sure on the bag is released, gas flows from the patient’s respira-
tory system through the exhalation port. With spontaneous
breathing, the Ambu valve allows the patient to inhale room air
only. The Ambu E2 is a modification that allows the patient to in-
hale both from the reservoir and from the exhalation port, creat-
ing a mixture of fresh gas and air. During controlled ventilation,
all gases originate from the reservoir.2

Closed Containers and Masks
Closed Containers
Closed containers are used for oxygenation and inhalant induc-
tions in small veterinary patients. Inhalant inductions have de-
creased in popularity because of the difficulty associated with
scavenging of waste gases, especially as an anesthetized patient
is removed from the chamber. Perhaps, the only completely ef-
fective way to assure elimination of waste anesthetic gases with
this system is the concurrent use of a fume hood. The primary ad-
vantage of induction in a closed container is the reduced require-
ment for physical restraint of the patient. Induction in a closed
container is very effective for aggressive cats and for some labo-
ratory and small wild or exotic species. Often, the container can
be placed over the animal, eliminating the need for any physical
contact and restraint.

Most containers for inhalant inductions are constructed of
glass, Plexiglas, or other clear plastic materials (Fig. 17.59), al-
lowing the patient to be observed during induction. Since the air-
way might become obstructed during a closed-container induc-
tion, ventilatory efforts should be monitored throughout the
process. The chamber should be no larger than necessary, but the
animal should be able to lie in lateral recumbency without hav-
ing to flex its neck. A chamber that is too small for the patient
promotes airway obstruction. Excessive chamber volume slows
the rate of rise of anesthetic concentration and the onset of induc-

tion. When the patient is induced and is manageable, it should be
removed from the chamber, and the induction should be com-
pleted by mask.

Relatively high flows of fresh gas facilitate inductions in
closed containers. The outlet of the chamber should be attached
to a scavenger system when anesthetic is being administered.
Chamber inductions should be done in a well-ventilated area,
ideally, under a fume hood that vents all waste gases from the
working environment. Depending on the size of the chamber and
the body weight of the patient, total flow of fresh gas into the
chamber should be approximately 2 to 5 L/min.51 Low flow rates
of fresh gases slow induction and contribute to the development
of excitement. Oxygen should be administered for about 5 min
before the introduction of inhalant anesthetic. Then, the concen-
tration of the inhalant should be increased at 0.5% increments
every 10 s until 4% to 4.5% sevoflurane or isoflurane is being ad-
ministered. Unless N2O is contraindicated because of patient
pathology, it can be used in concentrations of 60% to 70%.

Masks
Mask inductions (Fig. 17.60) are facilitated by anesthetic con-
centrations and fresh gas flows that are similar to those for closed
containers. Mask inductions are smoothest in depressed, tran-
quilized, or sedated patients. Masks should fit snugly over the
muzzle to minimize dead space, and the appropriate size for the
patient should be used. A tight-fitting mask promotes a rapid in-
duction and minimal contamination of the workplace with waste
gases. A clear mask with a rubber diaphragm (Fig. 17.61) enables
visualization of the nares and mouth during induction and creates
a good seal around the animal’s muzzle. The mask should be at-
tached to a breathing system to provide a reservoir of gases to
meet the patient’s peak inspiratory flow demands, which may ex-
ceed the inflow of fresh gases. Most excess gases can be scav-
enged through the pop-off valve of the breathing system, but
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Fig. 17.58. Diagram of a Stephens-Slater system. From Hartsfield.5

Fig. 17.59. Closed container for oxygenation and inhalant induc-
tions in small patients. The container is clear so that the animal can
be monitored during the induction process. The ports for the entrance
of fresh gases and for attachment of a scavenging system are on 
the lid.



masking procedures should be done in a well-ventilated environ-
ment. High fresh gas flows (e.g., 3 to 5 L/min for most dogs and
cats) during masking supply the oxygen demands of the patient,
dilute and eliminate exhaled carbon dioxide, and provide in-
halant anesthetic concentrations equivalent to the vaporizer set-
ting (3% to 5% for isoflurane or 4% to 6% for sevoflurane) for a
relatively rapid induction.

Scavenging Waste Anesthetic Gases
Over the last two decades, the exposure of medical and veteri-
nary personnel to waste anesthetic gases has become a significant
concern. A bulletin from the American Veterinary Medical
Association’s Liability Insurance Trust has stated the following:
Numerous studies in the United States and abroad have found no
conclusive evidence that waste gases or trace amounts of waste
gas cause specific health problems. There is evidence, however,
to suggest that removal of gases from veterinary facilities will
likely improve the occupational health of the veterinary staff.52

At present, the Occupational Safety and Health Administration
(OSHA) has no set limits for exposure to anesthetics, but OSHA
can enforce recommendations of the National Institute for
Occupational Safety and Health (NIOSH) under the general duty
clause: The general duty of an employer is provision of a work
environment that is free of recognized hazards that are likely to
cause death or serious physical harm.53,54 The recommended ex-
posure limits from NIOSH vary from a maximum of 2 parts per
million (ppm) for halogenated hydrocarbon anesthetics like
halothane and isoflurane to an 8-h time-weighted average expo-
sure to N2O of 25 ppm. Used together, 0.5 ppm is the limit for
the halogenated agent, with 25 ppm being the limit for N2O.55

The American Conference of Governmental Industrial
Hygienists has recommended threshold-limit values of 50 ppm
for halothane and N2O as 8-h time-weighted averages.56

Recommendations for Controlling Waste
Gases
Veterinary workers should be aware of potential risks so that they
can take steps to minimize their exposure to the inhalant anes-
thetics. Women in the first trimester of pregnancy, individuals
with hepatic or renal disease, and persons with a compromised
immune system appear to be at greater risk.57 The following con-
siderations are important in regard to managing waste anesthetic
gases:

1. All personnel should be educated about the potential health
hazards associated with exposure to waste anesthetic gases.

2. Scavenger systems should be used with all anesthesia ma-
chines and breathing systems.

3. All rooms in which anesthetic gases are used should be well
ventilated with an appropriate number of air exchanges (e.g.,
15 air exchanges per hour).

4. Anesthetic machines and breathing systems should be main-
tained as leak free as possible, and the leakage tolerances
should comply with established criteria (e.g., less than 300
mL/min at 30 cm H2O for a circle breathing system with the
pop-off valve closed).3

5. A log documenting the performance and maintenance proce-
dures for anesthesia machines, vaporizers, and breathing sys-
tems should be maintained.
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Fig. 17.60. Masking a tranquilized potbellied pig with isoflurane in
oxygen administered with a transparent veterinary mask. The rubber
diaphragm enables a good seal between the patient’s snout and the
mask, minimizing leakage.

Fig. 17.61. Small animal masks of varying sizes. The clear masks
with rubber diaphragms facilitate monitoring during the masking pro-
cedure, and they enable a good seal around the muzzle. A conical
rubber mask of the correct size minimizes dead space under the
mask. From Lumb and Jones.31

FPO



6. Personnel should minimize spillage when filling vaporizers,
and keyed filling mechanisms should be considered.

7. Anesthetic concentrations in induction, operating, and recov-
ery rooms should be periodically monitored to assure the ef-
ficacy of scavenging and other efforts to reduce contamina-
tion in the workplace.

Several ways of decreasing contamination of the occupational
environment with anesthetic gases have been suggested. They in-
clude the following:

01. Avoid spills when filling vaporizers.
02. Start gas flows only after intubation of the patient.
03. Use endotracheal tubes with inflated cuffs.
04. Occlude the Y piece of the circle or the patient end of a

Mapleson system if the system is disconnected from the
patient.

05. Use a scavenging pop-off valve.
06. Discharge all gases through an effective scavenger system.
07. Flush breathing systems with oxygen before disconnecting

the patient.
08. Use the minimum gas flow that promotes safe anesthesia.
09. Minimize the use of masks and closed containers. When

using masks, be sure that they fit well, and use closed con-
tainers only in well-ventilated areas. Ideally, masks should
be used under a fume hood.

10. Maintain proper ventilation in work areas and minimize ex-
posure to exhaled gases during the initial phases of the re-
covery period whenever possible.

Having anesthetic machines and breathing systems properly
outfitted and functional for administration of anesthetic gases is
essential for assuring the minimum amount of environmental
pollution. Each machine should be leak free, and each machine-
breathing system combination should connect with a functional
scavenger system. An efficient scavenging system is the most im-
portant factor in reducing trace anesthetic gases, because it will
lower ambient concentrations by as much as 90%.3

Scavenging Systems
A scavenging system collects waste gases from the anesthetic
breathing system and eliminates them from the workplace.3,57 The
scavenger system is composed of a gas-collecting assembly, an in-
terface, and a disposal system (Figs. 17.62 and 17.63). Depending
on the system, various types of tubing connects these parts.

The Gas-Collecting Assembly
This assembly gathers waste gases from the breathing system. At
present, the exhaust outlet from the pop-off valve (Fig. 17.47) on
a circle system must be either 19 mm or 30 mm in outside diam-
eter. On older anesthesia machines, 22-mm connectors were
used, which enabled the inadvertent interchange of scavenging
hoses and breathing tubes. Depending on the location of the over-
flow in Mapleson systems (e.g., the Bain system), devices con-
necting the tail or the side of the reservoir bag serve as the gas-
collecting assembly and attach to transfer tubing leading to the
interface.
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Fig. 17.62. A scavenging system (Vetroson; Summit Hill Labora-
tories, Navesink, NJ) on a veterinary anesthesia machine showing the
pop-off valve of the circle breathing system attached to the corru-
gated tubing of the scavenging system that directs waste gases to
the disposal system. The T-shaped component includes air-intake
valves and is part of the interface that assists in the pressure regula-
tion in the scavenging system.

Fig. 17.63. A scavenging system including the pop-off valve, which is
connected to a canister containing activated charcoal (F/air, Omnicon;
Critical Care Products, Houston, TX). This system can be used for halo-
genated hydrocarbon anesthetics, but not for nitrous oxide.



The Interface
The interface is intended to prevent the transfer of pressure
changes in the scavenging system to the breathing system. The
inlet to the interface should be 19 or 30 mm OD, and the outlet
can be of variable diameter (not 15 or 22 mm). Various interfaces
are available (Fig. 17.62). An interface should provide positive-
pressure relief to protect the patient from occlusions of the scav-
enging system, negative-pressure relief to limit the pressure ef-
fects of an active disposal system, and a reservoir for excess
waste gas for use with active disposal systems. Interfaces may be
opened or closed.3

The Disposal System
Disposal systems can be passive or active. Passive systems in-
clude non-recirculating ventilation systems, piping directly to the
atmosphere, and absorption devices. Active systems include
piped-vacuum and active duct systems. A non-recirculating ven-
tilation system for the room allows the discharge of waste gases
through an exhaust vent or grille. Discharging waste gases di-
rectly to the atmosphere is suitable for many veterinary hospitals
because the distance from the gas-collecting assembly on the
breathing system to the outside can be relatively short. Such sys-
tems can be affected by wind currents and should be designed so
that water, wind, dust, and insects and other pests cannot enter
the system from the outside.

Canisters containing activated charcoal (Fig. 17.63) will absorb
halogenated hydrocarbon anesthetics with a varying degree of ef-
ficiency. The canisters are simple to use and portable. The effec-
tiveness of absorption varies with different brands, styles of can-
isters, and rates of flow through the canisters. These devices must
be changed regularly, making them rather expensive to use, and
they do not absorb N2O.3 In general, other methods for scaveng-
ing waste gases are preferable, with absorption systems reserved
for situations where more reliable methods are not accessible.

Central vacuum systems provide convenient anesthetic-gas
disposal for hospitals with such systems already in place. The
system should be able to create a flow of at least 30 L/min and
functions best when the operator can manually adjust the flow.3

The location for discharge of waste gases must be in an appropri-
ate location and not situated where waste gases can reenter the
ventilation system of the hospital. Ideally, a central vacuum sys-
tem dedicated to scavenging, with another system to provide
suction for other hospital needs (e.g., surgical suction), is most
desirable.

An active duct system with a high volume of flow and a low
negative pressure provides an excellent means of gas disposal
(Fig. 17.64). Negative pressure is generated by a fan, pump, or
other device in a large duct that is connected to smaller ducts that
open into the room at the site of use. Such systems are effective,
but regular maintenance is required to assure that the fan or pump
is operational. This system is not affected by wind currents. With
any disposal system, the ultimate elimination of gas must be at a
point that prevents reentry of gases to any area of the hospital.
The discharge site should be located away from any air-intake
vents of the building, and the prevailing winds should not direct
exhausted gases toward the air-intake vents of the building.

Anesthesia Apparatus: Checkout
Recommendations
Evaluation of anesthesia machines and breathing systems is im-
portant to ensure safety for personnel and patients. For patients,
delivery of appropriate concentrations and amounts of oxygen
and anesthetics is essential. For personnel, the machine and
breathing system should be maintained to prevent contamination
of the workplace with anesthetics. The Food and Drug
Administration has published “Anesthesia Apparatus Checkout
Recommendations” for anesthesia-gas–delivery systems and rec-
ommends that this checkout or a reasonable equivalent be con-
ducted before administering anesthesia. The intent is to improve
patient safety.58,59 Recommendations for checkout of veterinary
machines have been published.60

The high-, intermediate-, and low-pressure areas of the anes-
thesia apparatus should be evaluated.1–3 The high-pressure area
includes gas cylinders, hanger yokes, yoke blocks, high-pressure
hoses, pressure gauges, and regulators. These components are ex-
posed to pressures up to 2200 psi for oxygen and up to 745 psi for
N2O. Testing should include inspection for loose connections and
audible leakage, pressure checks (loss of pressure when cylinder
valves are open and flowmeters are off), and use of soapy water
solutions to “snoop” for leaks (creation of bubbles) especially at
joints (Fig. 17.65). The intermediate-pressure area (approximately

488 ● Equipment and Monitoring

Fig. 17.64. Corrugated tubing from the pop-off valve of a circle
breathing system attached to a high-volume, low-pressure scaveng-
ing system (an active duct system). Air is constantly entrained on
each side of the stainless-steel plate, whereas waste gas from the
breathing system enters the scavenging system through the corru-
gated tubing.



40 to 50 psi) includes pipeline inlets, conduits from pipeline inlets
to flowmeters, and conduits from regulators to flowmeters, the
flowmeter assembly, and the oxygen-flush apparatus. Tests in-
clude visual inspection, listening for leaks, and use of soapy water
solutions. The low-pressure area includes the vaporizer(s), con-
duits from the flowmeters to the vaporizer, a conduit from the va-
porizer to the common gas outlet, and a conduit from the common
gas outlet to the breathing system. Pressures are slightly above at-
mospheric. Routing tests include visual inspection and pressure
checks with the breathing system. In many anesthesia machines,
pressure applied to the breathing system affects the low-pressure
area of the machine. Some newer anesthesia machines have check
valves near the common gas outlet.

A universal negative-pressure leak test has been proposed for
contemporary anesthesia machines to evaluate the low-pressure
area. The test requires a simple suction bulb.16 The flowmeters
and vaporizers are off during the test. The suction bulb is at-
tached at the common gas outlet and squeezed until the bulb fully
collapses, creating a vacuum in the low-pressure areas (Fig.
17.66). If the bulb reinflates in less than 10 s, a significant leak
is present. The test is repeated with the control dial of the vapor-
izer on to detect any internal leaks that might not be found with
the vaporizer off. This test differentiates between leaks in the
low-pressure area of the machine (vaporizer) and the breathing
system. The test can detect leaks as small as 30 mL/min and has
been described as extremely reliable.

Anesthetic machines should be checked out each day before
anesthetizing the first patient, and the breathing system should be
evaluated before each patient. The operation manual for individ-
ual anesthesia machines gives specific guidelines for evaluation
and checkout, and machines with special features require indi-
vidualized attention. Ventilators on anesthesia machines and
monitoring equipment should also be evaluated before beginning
anesthesia. The following procedures are modified from the

“Anesthesia Apparatus Checkout Recommendations” from the
FDA’s Center for Devices and Radiological Health1 and are ap-
propriate for evaluation of anesthesia machines and breathing
systems before the first case of the day:

1. Check central oxygen and N2O supplies for adequate quan-
tities of gases and pipeline pressures.

2. Inspect the flowmeters, vaporizers, gauges, and supply
hoses. Assure correct mounting of cylinders in the hanger yokes;
the presence of a wrench for cylinder valve; and a complete, un-
damaged breathing system with adequate absorbent for carbon
dioxide.

3. Assure that the waste-scavenging system is connected to the
pop-off valve and is working properly. Leak tests for the scav-
enger system have been recommended.3 If a charcoal canister is
being used, confirm that it is not exhausted.

4. Turn off the flow-control valves for the flowmeters.
5. Assure that the vaporizer is properly filled, with the filler

cap sealed and the control dial off.
6. Check oxygen cylinders on the machine. With the pipeline

supply disconnected, oxygen cylinder valve off, and pressure
gauge at zero, slowly open the valve to check the pressure (500
psi) and determine the presence of leaks (a slow drop in pressure
on the gauge) (Figs. 17.67 and 17.68). With multiple oxygen
cylinders, each cylinder should be checked.

7. Check the N2O supply (if present) as in step 6. If they are
present, test the fail-safe devices to assure that N2O cannot be de-
livered without an adequate amount of oxygen.

8. Test the flowmeters for each gas. With the flow-control
valve off, the float should rest at the bottom of the glass tube.
Adjust flow through the full range to assure proper function (no
sticking or erratic movements).

9. Test the central pipeline supplies of oxygen and N2O. With
small (E) cylinders off and pipeline inlets connected to the cen-
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Fig. 17.65. Searching for leaks in the gas piping system of an anes-
thesia machine. With the cylinder valve on and pressure on the sys-
tem, soapy water is applied to areas with potential for leaks. Bubbles
will form if leaks are present.

Fig. 17.66. Universal negative-pressure leak test. With all gases off
and the vaporizer off, a compressed rubber bulb is attached to the
common gas outlet of the anesthesia machine. The bulb should not
reinflate in less than 10 s. The test should be repeated with the va-
porizer control on. From Andrews.16



tral gas supply, adjust flows to a midrange and assure that supply
pressures remain near 50 psi.

10. With the vaporizer off, no odor of anesthetic should be
present when the oxygen flowmeter is on.

11. For a circle system, test the function of the unidirectional
valves. Wearing a surgical mask (Fig. 17.69), exhale through the
exhalation limb to check the exhalation valve, and compress the
reservoir bag (pop-off valve closed and Y piece open) to check
the inhalation valve (Fig. 17.70). Valve disks should be present
and should rise and fall appropriately.

12. Test for leaks in the circle breathing system and the anes-
thesia machine. Close the pop-off valve, occlude the Y piece, fill
the system with oxygen, and turn the oxygen flow to 5 L/min. As
the pressure in the system reaches 20 cm H2O, reduce the flow
until the pressure in the system (manometer) no longer rises. The
oxygen flow should be negligible; a high leakage rate is unac-
ceptable. Squeeze the reservoir bag to create a relatively high
pressure (40 to 50 cm H2O) and assure a tight system. In check-
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Fig. 17.67. Oxygen cylinder with the pressure gauge reading 2000
psi. An oxygen cylinder should have at least 500 psi before the cylin-
der and anesthesia machine are used with a patient. With oxygen
flowmeters off, the cylinder valve should remain on to allow evalua-
tion of the machine for slow leaks.

Fig. 17.68. Oxygen cylinder with the pressure gauge reading at
1700 psi after 15 min with the cylinder valve open. If the cylinder
pressure was 2000 psi at the start of the test and the flowmeters were
off, a significant leak is present and should be corrected before the
anesthesia machine is used with a patient.

Fig. 17.69. Checking the function of the expiratory one-way valve
of a circle system. Wearing a surgical mask, the evaluator exhales
through the Y piece and observes the expiratory one-way valve to en-
sure that the valve disk moves appropriately. The reservoir bag
should expand as air moves through the valve.



ing the circle system for leaks, one recommendation is to fill the
circle (pop-off valve closed and Y piece occluded) to a pressure
of 30 cm H2O and assure that the leak rate is less than 250
mL/min39 or that the pressure drop is less than 5 cm H2O in 30 s
or that the pressure remains at 30 cm H2O for at least 10 s (Fig.
17.71).3 Others have recommended similar testing procedures
with slightly different values for testing pressures and acceptable
leak rates.61,62

13. Open the pop-off valve slowly and observe the release of
pressure. Occlude the Y piece and verify that only a negligible
positive or negative pressure develops with an oxygen flow rate
of zero or 5 L/min.

14. Assure that the pop-off valve provides relief of pressure
when the flush valve is activated.

15. Similar to the circle system, non-rebreathing systems
should be tested before use. For a complete system check of a
Bain system, the patient port should be occluded, the relief valve
closed, and the reservoir bag distended. The bag should remain

fully distended, and pressure within the system should not de-
crease (Fig. 17.72). The complete system check does not assure
a leak-free inner tube of the coaxial system. Therefore, the inner
tube is evaluated by temporarily occluding the inner tube at the
patient end with oxygen flowing at approximately 1 to 2 L/min
(Fig. 17.73). During a short period of occlusion with an instru-
ment such as the plunger of a syringe, the float in the oxygen
flowmeter should fall (Fig. 17.74).2,3 The complete system check
will usually suffice for other non-rebreathing systems (e.g.,
Norman mask elbow and Ayre’s T-piece systems).
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Fig. 17.71. Evaluation of the integrity of a circle breathing system.
The pop-off valve is closed, the patient port is occluded, and the sys-
tem is filled to a pressure of 30 cm H2O for at least 10 s, or the leak
as determined by use of the oxygen flowmeter should be less than
250 mL/min.

Fig. 17.72. Evaluation of a Bain breathing system (Kendall, Boston,
MA) with a complete system check. With all gas flows off, the over-
flow valve is closed and the patient port is occluded. The bag is filled
with the flush valve to a pressure of 30 cm H2O, and a leak-free sys-
tem should maintain this pressure for at least 10 s. If a leak is pres-
ent, it can be quantified with the oxygen flowmeter and should not
exceed 300 mL/min. From Dorsch and Dorsch.3

Fig. 17.70. Checking the function of the inspiratory one-way valve
of a circle system. With the pop-off valve closed, the reservoir bag is
compressed, and the valve disk of the inspiratory one-way valve
should move appropriately.



The tests mentioned here should be considered the minimum.
The operation manual for a specific anesthesia machine usually
provides appropriate per-use checkout procedures, and numerous
other tests have been described to evaluate anesthesia apparatus.3

Depending on the type of anesthesia machine, breathing system,
ventilator (manual or mechanical), and monitoring equipment,
other tests may be indicated. Veterinarians should familiarize
themselves with the evaluation procedures that are most appro-
priate for their specific anesthesia apparatus.
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Introduction
Safe anesthesia includes establishment of a patient airway with
assurance of adequate ventilation and oxygenation. If sponta-
neous ventilation is insufficient, the anesthetist should provide
supplemental oxygen during the preanesthetic, induction, main-
tenance, and recovery phases of anesthesia.

Endotracheal Intubation
Indications
Indications for endotracheal intubation include maintenance of a
patent airway, protection of the airway from foreign material, ap-
plication of positive-pressure ventilation, application of tracheal

or bronchial suction, administration of oxygen, and delivery of
inhalant anesthetics. Placement of an endotracheal tube also re-
duces anatomical dead space if the tube is of the correct size and
correctly positioned. For maintenance of inhalant anesthesia, an
endotracheal tube should create a seal with the trachea to prevent
leakage of anesthetic gases into the environment. An endotra-
cheal tube is basic for endotracheal intubation, but ancillary
equipment may be required in certain species. Intubation can be
accomplished through the oral cavity, nasal passages, an external
pharyngotomy, or tracheostomy.

Endotracheal Tubes
Murphy-type and Cole-type endotracheal tubes are commonly
used in veterinary anesthesia. Uniquely, the Murphy tube has an
opening, called a Murphy eye or side hole, in the wall opposite
the bevel (Fig. 18.1); this hole allows gas flow, even if the end
hole is occluded.1 Characteristics of cuffed Murphy endotracheal
tubes designed primarily for human patients are diagrammed in
Fig. 18.2; such tubes are used in most veterinary patients for
which appropriate sizes are available.

Cole tubes are uncuffed and are characterized by a shoulder
near the distal end (Figs. 18.3 and 18.4); the diameter of the pa-
tient end of the Cole tube is smaller than the remainder of the
tube.1 Only the smaller portion of the tube should fit into the lar-
ynx and trachea. Although fitting the sloping shoulder of the
Cole tube against the arytenoid cartilage creates a seal,2 Dorsch
and Dorsch indicate that, to avoid pressure against the laryngeal
cartilages and to prevent laryngeal dilation, the shoulder should
not contact the larynx.1 The diameter of the tube should be such
that the laryngotracheal part of the tube creates a seal, which
guards against egress of gas and aspiration of foreign material.
An effective seal can be established in veterinary patients of var-
ious sizes.2,3

Endotracheal tubes are made of polyvinyl chloride (PVC),
rubber, silicone, and occasionally other plastic or rubberized ma-
terials. The most common tubes for human use are made of
PVC,1 many of which are used in small animals. Some endotra-
cheal tubes, designed specifically for veterinary patients, are
made of silicone rubber (Fig. 18.5). In general, endotracheal
tubes should be clear so that they can be inspected for cleanliness
or obstructions before each use. Red rubber tubes have been ad-
vertised for veterinary patients; such tubes are opaque, prone to
cracking, and difficult to clean and disinfect.

Cuffed endotracheal tubes (Fig. 18.6) designed for human pa-
tients consist of a connector to fit the breathing system (15 mm
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OD [outer diameter]), the tube itself, and a cuff system (inflating
valve, inflating tube, and pilot balloon). Labels on these tubes
may include the manufacturer’s name, internal and external di-
ameters in millimeters, markings in centimeters indicating the

length of the tube from the patient (distal) end, and IT, which in-
dicates that the tube has been implantation tested. In addition,
tubes labeled with either F29 or Z79 indicate that the tube mate-
rial has been tested for tissue toxicity.1,4 The terms oral and/or
nasal may appear beside the tube’s size for internal and external
diameters, respectively. Some endotracheal tubes have the size in
French units (French size = external diameter in millimeters
times pi), which indicates the outside diameter of the tube.
Radiopaque markers are embedded in some endotracheal tubes.

Inflation of the cuff of an endotracheal tube applies pressure to
the tracheal mucosa. The perfusion pressure of the tracheal mu-
cosa ranges from 25 to 35 mm Hg. A cuff pressure on the tracheal
wall of 20 to 25 mm Hg will usually not interfere with tracheal
mucosal blood flow.5 Greater pressures in the cuff can lead to is-
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Fig. 18.1. A Murphy endotracheal tube characterized by a side hole
(Murphy eye) opposite the bevel at the distal end of the tube. The in-
flatable cuff, pilot balloon, self-sealing inflation valve, and syringe for
inflation of the cuff are shown. The parts and characteristics of a
Murphy tube are diagramed and labeled in Fig. 18.2.

Fig. 18.2. Diagram illustrating the parts and desirable characteristics (e.g., radius of curvature and angle of the bevel) of a Murphy endotra-
cheal tube. OD, outer diameter. From Dorsch and Dorsch.1

Fig. 18.3. A 10-French Cole endotracheal tube appropriate for
small veterinary patients. Note the smaller diameter of the laryngotra-
cheal portion of the tube (distal end of the tube, right side of the pho-
tograph).



chemic injury, mucosal damage, and ultimately tracheal stric-
tures in serious cases. Therefore, the design of contemporary
human endotracheal tubes includes a high-volume, low-pressure
cuff that creates a good seal between the tracheal mucosa and the
cuff wall when the cuff is properly inflated. The intent of the
high-volume nonelastic cuff is to distribute the low-pressure seal
over a relatively large area of the tracheal mucosa.4 A cuff should
be inflated with the smallest amount of air that will provide ef-
fective protection of the airway. A general recommendation is
that pressure on the lateral wall of the trachea exerted by the cuff
be maintained between 25 and 34 cm H2O.1 Generally, a leak
should occur around the cuff when pressure equal to approxi-
mately 25 cm H2O is applied to the airway.

Armored or reinforced endotracheal tubes (Fig. 18.7) are spe-
cially designed with helical wire or plastic implanted within the
wall of the tube to prevent kinking of the tube and obstruction of
the airway when the patient’s head and neck are flexed. Such
tubes are useful for ophthalmic surgery, cervical spinal taps,
myelograms, oral surgery, and head and neck surgery. Armored
tubes have thicker walls than standard tubes, causing them to
have smaller internal diameters than standard tubes of equivalent
external size.4 Therefore, resistance to gas flow is increased, and
reinforced tubes should not be used unnecessarily. Typically,
these tubes are very flexible and more difficult to insert than stan-
dard PVC tubes. A stylet or guide tube will facilitate insertion of
an armored tube into the larynx, but a stiff stylet should not ex-
tend past the distal end of the endotracheal tube.

Endotracheal intubation through a tracheostomy is sometimes
necessary to provide a patent airway. Cuffed tracheostomy tubes
with 15-mm-OD (outer diameter) connectors (Fig. 18.8) are
available for use in human patients. However, standard endotra-
cheal tubes for both large and small animals may be placed via
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Fig. 18.6. A Murphy endotracheal tube designed for human pa-
tients, but commonly used for small animals. Numbers and markings
indicate the internal (5.0 mm) and external (8.0 mm) diameters, the
length (13, 15, 17, 19, 21, and 23 cm) of the tube from the patient end,
the manufacturer (Sheridan), and tissue toxicity testing (Z79). The in-
ternal diameter (5.0 mm) and manufacturer are also shown on the
pilot balloon.

Fig. 18.5. Silicone rubber endotracheal tubes designed for veteri-
nary use. The proximal end of the top tube has been fitted with a con-
nector that will conform to the outside diameter of a Y piece of a cir-
cle breathing system for large animals.

Fig. 18.4. Three sizes of Cole endotracheal tubes appropriate for
large veterinary patients. Note the smaller diameter of the laryngotra-
cheal portion of each tube (distal ends of the tubes, left side of the
photograph). The proximal ends of the top two tubes are designed to
fit the outside diameter of the Y piece of a circle breathing system for
large animals.



tracheostomy to facilitate general anesthesia (Fig. 18.9).
Endotracheal tubes are also recommended for intubation by ex-
ternal pharyngotomy (Fig. 18.10).6

Normally, endotracheal intubation is accomplished in anes-
thetized patients. Forced intubation in awake or lightly anes-
thetized patients should be avoided unless dictated by special cir-
cumstances. Traumatic intubation can produce laryngeal edema,
laryngeal spasm, hemorrhage, and vagal stimulation leading to
bradycardia and other arrhythmias. Direct application of a local
anesthetic (e.g., lidocaine [Fig. 18.11]) to the larynx may prevent
laryngeal spasms in susceptible animals (e.g., cats and swine).
The local anesthetic can be sprayed into the larynx, applied with
a cotton swab, or squirted from a syringe and hypodermic needle.

When using a syringe, the hypodermic needle must be firmly at-
tached to prevent its dislodgment and entrance into the larynx.
The total dose of local anesthetic should not approach a toxic
dose, based on the patient’s species and body weight. In very
small patients, spraying local anesthetic onto the larynx can eas-
ily exceed a toxic dose.

Endotracheal and tracheostomy tubes should be cleaned thor-
oughly after use. The tubes should be gently scrubbed with a soft
brush, rinsed, dried, and sterilized or disinfected. If ethylene
oxide is not available, chemical disinfectants can be used; glu-
taraldehyde has been recommended.7 After disinfection, tubes
should be rinsed thoroughly, according to recommendations for
use of the disinfectant, and dried. If tubes are inadequately

498 ● Equipment and Monitoring

Fig. 18.8. A cuffed tracheostomy tube (left) designed for human pa-
tients, but applicable to veterinary patients. From left to right are the
cuffed tracheostomy tube with inflation line and pilot balloon, a re-
movable lumen for the tube, an obturator to facilitate insertion of the
tube, and another removable lumen.

Fig. 18.9. A silicone rubber endotracheal tube placed through a tra-
cheostomy site to facilitate inhalant anesthesia for oral and nasal sur-
gery in a foal.

Fig. 18.10. An endotracheal tube placed by external pharyngotomy
in a small dog to facilitate oropharyngeal surgery. From Hartsfield.19

Fig. 18.7. An armored endotracheal tube with a spiral wire embed-
ded in the wall of the tube: the endotracheal tube connector, bite
guard near the proximal end of the tube, inflatable cuff, pilot balloon,
inflation line, and self-sealing inflation valve.



rinsed, tissue reactions to the disinfectant can occur. Ethylene
oxide sterilization should be performed according to the manu-
facturer’s recommendations for the product and its sterilization
equipment. Endotracheal tubes should be clean and dry before
they are sterilized with ethylene oxide. Appropriate aeration time
should be allowed between sterilizing a tube and its use in a pa-
tient: typically 2 days at 120°F (49°C) in an aeration chamber or
14 days if no aeration chamber is available. Failure to allow suf-
ficient aeration time can cause serious respiratory complica-
tions.8 Most endotracheal or tracheostomy tubes should not be
autoclaved; however, silicone rubber tubes can be steam auto-
claved.7,9

Laryngoscopy is required for endotracheal intubation of some
species. Often, the laryngoscope’s light source is the main bene-
fit of laryngoscopy, but the blade can be used to manipulate the
tongue, soft palate, and epiglottis to view the glottis (Fig. 18.12).
Useful blades include the Miller, the McIntosh, and the Bizarri-
Guiffrida (Figs. 18.13 and 18.14), and other blades are available.
Different lengths of blades are needed for various species. As ex-
amples, very short blades designed for human infants are useful
in rabbits, and blades up to 205 mm designed for human adults
are appropriate for large dogs. Specially designed, very long (350
to 450 mm) blades can be purchased for veterinary use and may
be needed in llamas, cattle, swine, and other species.

Techniques of Endotracheal Intubation
Dogs
For most dogs, an endotracheal tube and adequate lighting are
the only necessities for intubation of the trachea. However, the
use of a laryngoscope, a stylet to stiffen the endotracheal tube, a
guide tube (Fig. 18.15), sterile water-soluble lubricant, a mouth
speculum, and local anesthetic may be desirable and even neces-
sary under certain circumstances.
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Fig. 18.11. Lidocaine as a spray (left) or as a liquid (applied with a
cotton swab or delivered by squirting it with a syringe and needle) can
be applied topically to the larynx to facilitate endotracheal intubation
in various species. With either method of delivery, the anesthetist
should keep the total dose of lidocaine less than the toxic dose for
the patient and species involved.

Fig. 18.12. Diagram of the correct positioning of a laryngoscope
blade for maximum visualization of the larynx. Note that the dog’s
mouth is opened widely, its tongue is extended from its mouth max-
imally, and the tip of the laryngoscope blade is positioned at the base
of the epiglottis.

Fig. 18.13. From left to right, an adult Miller laryngoscope blade, an
adult Bizarri-Guiffrida blade, a pediatric Miller blade, and a pediatric
Bizarri-Guiffrida blade on a laryngoscope handle. The Bizarri-
Guiffrida blades allow the maximum field of view without the interfer-
ence of a flange.

Fig. 18.14. End-on view of Miller (left) and Bizarri-Guiffrida (right)
laryngoscope blades. The Bizarri-Guiffrida blade allows maximum
space for passage of the endotracheal tube, and the Miller blade pro-
vides a flange to elevate redundant tissue (e.g., soft palate).



Sizes of endotracheal tubes for canine patients range from 1.5
mm to approximately 15 mm ID (internal diameter).2 It is diffi-
cult, if not impossible, to find cuffed tubes smaller than 3.0 mm
ID. There are breed differences that preclude generalizations
about the choice of tube diameter based on a patient’s body
weight or some other arbitrary guide. For example, a 25-kg
English bulldog usually accepts only about a 7.5-mm-ID endo-
tracheal tube, but a 25-kg mixed-breed dog may easily accept a
10-mm tube. Most tubes designed for human patients are too
long for dogs and should be cut at the proximal end to fit the pa-
tient; the connector should be positioned at the level of the dog’s
incisors, and the distal end should be located in the trachea near
the thoracic inlet (Fig. 18.16).

After induction of anesthesia, the dog is positioned in sternal
recumbency for intubation. An assistant holds the dog’s head
with one hand, placing the finger and thumb behind the maxillary
canine teeth and pulling the dog’s lips upward to create the best
field of view. With the other hand, the assistant opens the dog’s
mouth widely and extends its tongue. The assistant should not

put pressure under the dog’s neck because the view of the larynx
will be obstructed by the soft palate. With a good light source,
most dogs can be intubated without a laryngoscope. If an assis-
tant is unavailable, an oral speculum will keep the dog’s mouth
open during intubation. In small patients, dogs with oral or pha-
ryngeal lesions, and brachycephalic dogs, a laryngoscope facili-
tates intubation and should always be available if difficulty
should arise. The endotracheal tube should be secured to prevent
its dislocation during anesthesia. Using a piece of rolled gauze,
the tube can be tied to the maxilla (Fig. 18.17), the mandible, or
behind the head, depending on the breed, the type of surgery, the
presence and condition of the canine teeth, and the anesthetist’s
preference.

Extubation should be done when the dog’s oral and pharyngeal
reflexes have returned. The tube should be pulled directly be-
tween the upper and lower incisor teeth. If a tube is allowed to
deviate laterally, the dog may shear the tube. This damages tubes
and creates the potential for aspiration or ingestion of a part of
the tube.

Cats
The primary equipment required for feline intubation are an en-
dotracheal tube and a light source. However, a laryngoscope, a
stylet to stiffen the endotracheal tube, a guide tube (canine poly-
ethylene urinary catheter), sterile water-soluble lubricant, a
mouth speculum, and local anesthetic may be useful. If a wire
stylet is used to stiffen the tube, the stylet should not extend past
the distal end of the tube to avoid injury to the trachea.2 Inade-
quate depth of anesthesia is probably the most common reason
for difficult intubation.

Sizes of endotracheal tubes for domestic cats range from 1.5
mm to approximately 5.5 mm ID; most adult cats readily accept
4.0- to 4.5-mm-ID tubes, a range that provides optimal internal
diameter with minimal difficulty in intubation. It is difficult to
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Fig. 18.15. Photograph of a silicone rubber endotracheal tube with
a 10-French canine polyethylene urinary catheter preplaced for use
as a guide tube. The guide tube will pass easily through the larynx
and into the cranial part of the trachea to facilitate passage of the en-
dotracheal tube.

Fig. 18.16. Diagram of the correct placement of an endotracheal
tube in a dog. Note that the connector is located near the incisor
teeth to minimize mechanical dead space and that the cuffed end of
the tube is in the cervical trachea near the thoracic inlet.

Fig. 18.17. An endotracheal tube secured to a dog’s maxilla with a
piece of rolled gauze. Note that the gauze is tied tightly around the
tube without constricting the lumen, that the connector is at the level
of the incisor teeth, and that the gauze is positioned immediately cau-
dal to the maxillary canine teeth and tied in a bow.



find cuffed tubes smaller than 3.0 mm ID, and such sizes may be
needed for small kittens. One option is to use small Cole tubes.
Since most endotracheal tubes designed for human patients are
too long for cats, the tube should be cut at the proximal end to fit
the patient. The proximal end of the tube should be positioned at
the level of the cat’s incisors, and the distal end should be located
in the trachea near the thoracic inlet.

After induction of anesthesia, the cat should be positioned in
sternal recumbency. Although not necessary in every case, local
anesthetic (0.5% lidocaine) may be applied to the larynx to de-
sensitize the arytenoid cartilage and epiglottis to help prevent
laryngospasm during intubation. An assistant holds the head with
one hand, placing a finger and thumb behind the cat’s maxillary
canine teeth and pulling the lips upward to create the best field of
view (Figs. 18.18 and 18.19). With the other hand, the assistant
extends the cat’s tongue. If the tongue is not protruding from the
mouth, the laryngoscope blade can be used to manipulate the
tongue so that the assistant can grasp it. Neither the anesthetist
nor the assistant should put their fingers into a lightly anes-
thetized cat’s mouth. The assistant should not put pressure under
the cat’s neck because the view of the larynx may be obstructed
by the soft palate. As in dogs, with a good light source, most cats
can be intubated without the aid of a laryngoscope. However, a
laryngoscope is often helpful. The blade should not touch the
arytenoid cartilage or the epiglottis (Fig. 18.18) because such
stimulation may cause active closure of the glottis. A laryngo-
scope should always be available for a difficult intubation (e.g.,
oral or pharyngeal lesions). If an assistant is unavailable, an oral
speculum will keep the cat’s mouth open while intubation is ac-
complished. The routine use of a guide tube (5- to 8-French ca-
nine urinary catheter) that extends past the cuffed end of the en-
dotracheal tube (Fig. 18.18) for 2 or 3 cm often makes feline
intubation easier. As the endotracheal tube is advanced toward
the glottis, rotating it from 0° to 90° or greater will facilitate its
passage. Rolled gauze can be used to secure the tube behind the

cat’s head with a simple bow knot. In cats, the tube should be tied
for rapid removal at recovery.

Extubation should be done when the cat’s oral and pharyngeal
reflexes have returned. The tube should be pulled directly be-
tween the upper and lower incisor teeth. If a tube is allowed to
move laterally, the cat may shear the tube (Fig. 18.20), which
creates the potential for aspiration or ingestion of part of the
tube.

Horses
Blind passage of the endotracheal tube in horses can be aided by
a mouth speculum. For routine intubation, PVC connectors (10
cm long, variable diameters) for PVC pipe make economic, ef-
fective specula that can be placed between the horse’s upper and
lower incisors to protect the tube. The connectors can be wrapped
with adhesive tape to increase friction between the teeth and the
speculum.7 Other supplies that may be useful for equine intuba-
tion under certain conditions include a guide tube (equine stom-
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Fig. 18.18. Illustration of an excellent method of positioning a cat
for endotracheal intubation. Note the secure grip on the maxilla with
the index finger and thumb caudal to the canine teeth. The tongue is
extended, maximizing the field of view.

Fig. 18.19. View of a cat’s glottis using the restraint and positioning
depicted in Fig. 18.18. The laryngoscope blade is placed on the
tongue with the tip just ventral to the epiglottis.

Fig. 18.20. A endotracheal tube (4-mm internal diameter) sheared
during extubation of a cat at the time of recovery from anesthesia.
Aspiration or ingestion of the smaller piece is possible.



ach tube), sterile water-soluble lubricant, local anesthetic, and a
fiber-optic endoscope.

To assure an appropriate range of sizes of endotracheal tubes
for equine patients (miniature horses to draft horses), tubes as
small as 7 mm ID and as large as 30 mm ID should be available.
Larger sizes (e.g., 35 mm ID) have been recommended for large
thoroughbred and draft horses.10 Tube size varies with the size of
the patient and with the location of the tube (oral versus nasal in-
tubation). Modern 26-mm-ID silicone rubber cuffed endotra-
cheal tubes are appropriate for a high percentage of adult horses,
with 30-mm tubes indicated for very large horses. In general, a
tube that is passed nasally should be about two sizes smaller than
a tube that is passed orally.9

In preparation for oropharyngeal intubation, the horse’s mouth
should be flushed with water to remove any debris that may be re-
tained in the oropharynx, including the cheek pouches. Horses are
positioned in lateral recumbency for intubation with a lubricated
endotracheal tube. A sterile water-soluble lubricant should be used;
lubricants containing local anesthetic are unnecessary and may ir-
ritate airway tissues.7,11 The mouth speculum is placed between the
upper and lower incisors, the head and neck are extended, and the
endotracheal tube is advanced into the pharynx until the tip of the
tube touches the larynx. In some patients, the tube enters the larynx
without any interference. However, several attempts (a series of 10-
to 15-cm advancements and retractions of the tube, with rotation of
the tube from 0° to 90° or greater as it approaches the glottis) may
be necessary for intubation, even in normal horses. Although the
technique is somewhat of an art, intubation can be facilitated by
maximally extending the horse’s head and neck in a straight line
with the its back (best done by an assistant), extending the tongue
during intubation, and holding the endotracheal tube so that the
proximal end is curved below the mandible during attempts at in-
tubation. In general, an endotracheal tube of proper size can be
passed into the larynx with little if any resistance once correct po-
sitioning and technique have been established.

For difficult intubation, an equine stomach tube (guide tube)
may be passed into the larynx and trachea, over which the endo-
tracheal tube can be manipulated through the larynx and into the
trachea. In some instances (e.g., laryngeal or pharyngeal abnor-
malities), equine intubation may be successful only after visual-
izing the glottis with a fiber-optic endoscope; this allows adjust-
ments in the position of the endotracheal tube or a guide tube as
it approaches the glottis.

A properly positioned endotracheal tube is usually obvious to
an experienced anesthetist because of the absence of resistance as
the tube enters the larynx and trachea. Air flow into and out of
the tube during spontaneous ventilation can be used to verify
tube placement. Some veterinarians advocate compression of the
thorax to create air flow from a properly placed tube, but this
technique may not be foolproof. Finally, water may condense on
the inner surface of the tube during exhalation if the tube is
placed properly.

Swine
Endotracheal intubation of swine is relatively difficult for several
reasons:12 The distance from the tip of the snout to the larynx is

comparatively long, the mouth does not open widely, the larynx
is rather loosely attached, mobile, relatively small, and slopes
ventrally, creating a sharp angle for passing an endotracheal tube
(Fig. 18.21). In addition, laryngospasm is rather easily induced in
lightly anesthetized pigs. An endotracheal tube, a laryngoscope,
2% lidocaine in a syringe, sterile water-soluble lubricant, and a
guide tube should be available for intubation of swine.

Compared with other domestic species, swine have small la-
ryngeal and tracheal diameters. Endotracheal tube sizes from 3
mm ID in piglets to 16 mm ID in larger swine may be needed.
Mature sows and boars may accept even larger tubes. After in-
duction of anesthesia, the pig is placed in sternal recumbency, an
assistant holds the head with a small rope or piece of rolled gauze
passed through the mouth, and the pig’s tongue is extended. A
mouth speculum can be employed, if necessary. Using the appro-
priate length of blade, the pig’s larynx is visualized with the aid
of a laryngoscope; this usually requires some manipulation to po-
sition the blade for a good view of the glottis, especially in large
swine with a narrow pharynx and excessive tissue in the area of
the soft palate. Lidocaine can be squirted onto the larynx for de-
sensitization. The guide tube (usually two 10-French canine uri-
nary catheters in tandem) is passed through the larynx and into
the trachea; the guide tube should be manipulated through the
larynx without excessive force, and best results are obtained by
passing the guide tube along the dorsal aspect of the larynx to the
midcervical trachea. Then, a well-lubricated endotracheal tube is
directed over the guide tube, through the larynx, and into the tra-
chea; firm, gentle advancement of the tube with a simultaneous
twisting motion (0° to greater than 90°) is helpful. The tube
should be positioned with the connector at the level of the tip of
the snout, and the distal end should be near the thoracic inlet. The
cuff should be inflated with the minimum amount of air that will
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Fig. 18.21. Sagittal section of a pig’s larynx. This illustrates the ir-
regular course that an endotracheal tube must travel as it moves
through the larynx and into the cranial trachea: a, tracheal opening; b,
dorsal cricoid cartilage; c, arytenoids cartilage; d, ventral cricoid car-
tilage; e and i, thyroid cartilage; f, entrance to lateral laryngeal ventri-
cle; g, posterior floor of the larynx; h, tip of endotracheal tube; j, mid-
dle laryngeal ventricle; and k, and epiglottis. Reproduced by
permission of Dr. William Tranquilli.



create a seal. The tube can be secured to the snout with adhesive
tape or behind the ears with rolled gauze.

Miniature pet pigs are intubated by using the same equipment
(smaller sizes) and method just described, but gentle technique
should be emphasized. Laryngospasm, laryngeal edema, and
death have been associated with traumatic intubation in minia-
ture pigs.13

Cattle
The primary implements for endotracheal intubation in adult cat-
tle are endotracheal tube, a mouth speculum (e.g., Bayer dental
wedge, Guenther mouth speculum, Weingart mouth speculum, or
Drinkwater mouth gag), and an equine stomach tube (two to
three times longer than the endotracheal tube) for use as a guide.
For smaller cattle, a long laryngoscope blade (e.g., 14, 16, or 18
inches) may be necessary for passage of a guide tube. Sizes of
endotracheal tubes ranging from 18 to 30 mm ID may be needed
for adult cattle.

After induction of anesthesia, a mouth speculum is positioned
to hold the mouth open; this helps to prevent damage to the en-
dotracheal tube cuff and to the anesthetist’s hand and arm during
intubation. The cow’s tongue is extended from the mouth as its
head and neck are extended. The anesthetist passes one hand
through the cow’s mouth and palpates the epiglottis and glottis.
The anesthetist passes the guide tube into the pharynx and then
slides the tube through the glottis, assuring the tube’s proper
placement by palpation as it enters the larynx. The guide tube is
advanced until its tip is in the midcervical trachea. After the anes-
thetist’s arm is removed from the cow’s mouth, the endotracheal
tube is advanced over the guide tube and into the cow’s larynx
and trachea. Rotation of the tube from 0° to greater than 90° as
the tube approaches the arytenoid cartilage will help to advance
the endotracheal tube into the trachea. The cuff should be inflated
immediately to decrease the likelihood of aspiration of regurgi-
tated rumen contents. Should active or passive regurgitation of
large quantities of ruminal content occur just before or simulta-
neously with endotracheal intubation, external pressure applied
over the esophagus will halt the flow of ruminal contents.
Alternatively, the endotracheal tube can be quickly passed into
the esophagus and the cuff inflated, permitting the regurgitant to
flow through the endotracheal tube beyond the pharynx and out
of the mouth, preventing its aspiration into the lungs. A properly
positioned endotracheal tube in a cow is shown in Fig. 18.22.

Bovine intubation can be accomplished without a guide tube.
The endotracheal tube is passed beside or under the anesthetist’s
arm and palpated as it enters the cow’s larynx.12 Alternately, the
anesthetists can take the tube into the cow’s mouth, cupping the
distal end of the tube in the hand.14 The disadvantage of either
method is that the size of the endotracheal tube that can be read-
ily passed is limited, especially if the anesthetist has a large arm.

Small Ruminants
Equipment required for endotracheal intubation in small rumi-
nants includes an endotracheal tube, a laryngoscope, and a guide
tube. Endotracheal intubation in small ruminants (sheep, goats,
calves, cattle weighing less than about 250 kg, deer, and exotic

ruminants) is best accomplished by direct visualization of the lar-
ynx with an illuminated laryngoscope. Sternal recumbency facil-
itates the procedure, but intubation can be achieved during lateral
recumbency. After induction of anesthesia, an assistant holds the
animal’s head while the anesthetist extends its tongue. The anes-
thetist passes the laryngoscope blade over the base of the tongue
to visualize the glottis, and then passes a guide tube (e.g., a small
equine stomach tube in calves or a polyethylene catheter in sheep
or goats) into the larynx and into the trachea to about the midcer-
vical area. The laryngoscope is removed, and the endotracheal
tube is passed over the guide tube and into the trachea. The cuff
is inflated immediately to decrease the likelihood of aspiration of
regurgitated rumen contents. The use of a metal rod has been ad-
vocated as a guide tube.14 Excessive force with a metal guide
tube increases the risk of damaging the larynx or trachea and is
not recommended.

Nasotracheal Intubation
This is commonly used in foals for the administration of inhalant
anesthetics during induction.9 The technique can be also be used in
calves and adult horses, and its use has been described in llamas.15

The characteristics of an ideal nasotracheal tube include a tube
with minimal curvature and extra length (55 cm). The tube
should be made of inert material (e.g., silicone rubber) and have
relatively thin walls for maximum internal diameter. The tube
should resist kinking. Low-volume, high-pressure cuffs may be
less traumatic during placement, but high-volume, low-pressure
cuffs may be best for longer periods of anesthesia. Tubes as small
as 7 mm ID may be necessary for neonatal foals. In general, in
any given patient a nasotracheal tube should be one to two sizes
smaller than the appropriately sized orotracheal tube.9 Once in-
duction is completed using a nasotracheal tube, the nasotracheal
tube can be removed and replaced with an appropriately sized
orotracheal tube to decrease resistance to gas flow.

Nasotracheal intubation (Figs. 18.23 through 18.26) involves
passage of a properly sized endotracheal tube through the nostril
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Fig. 18.22. A silicone rubber endotracheal tube (26-mm internal di-
ameter) placed in a cow. The tube was passed with the Wiengart
mouth speculum in place as shown.



(Fig. 18.23), ventral nasal meatus, and larynx and into the tra-
chea. Lidocaine gel (10%) is a good lubricant for the tube and
should be applied to the nostril and rostral portion of the nasal
passage before advancing the tube in awake animals. A sterile
water-soluble lubricant without lidocaine is appropriate for anes-
thetized patients. With the patient’s head and neck extended, the
tube is advanced into the pharynx and passed into the larynx on
inspiration. Air moves freely through a correctly placed tube dur-
ing spontaneous ventilation. Taping the tube to the muzzle is ap-
propriate (Fig. 18.26).

For uncooperative foals and calves, sedation may facilitate na-
sotracheal intubation. Some awake patients cough and close the
glottis in response to the tube contacting the larynx. With the na-
sotracheal tube positioned with the cuffed end near the larynx, 2%
lidocaine solution can be flooded onto the larynx via the tube
(Fig. 18.24). This desensitizes the larynx and eases intubation.

Extubation following nasotracheal intubation should be done
carefully. After deflation of the cuff, the tube should be with-
drawn slowly and deliberately, with the patient’s head restrained
to avoid any sudden, jerky motions. Rapid, rough extubation may
cause unnecessary nasal hemorrhage.

Rabbits and Other Laboratory Animals
Intubation techniques for rabbits and other small laboratory ani-
mals have been described.16 Most techniques for intubation of
small laboratory animals include the use of a laryngoscope or a
modified otoscope to expose the glottis, a catheter or stylet to
serve as a guide tube, a small-diameter lubricated endotracheal
tube, and lidocaine to desensitize the larynx before passing the
endotracheal tube. In laboratory rabbits weighing about 3.0 kg,
the use of 3.5-mm-ID, 14-cm-long endotracheal tubes are ap-
propriate.17

The rabbit has been described as perhaps the most difficult an-
imal to anesthetize.18 Undoubtedly, problems with airway man-
agement influenced that opinion. However, the technique for
endotracheal intubation in rabbits can be mastered with practice
when using proper equipment. Guide-tube technique causes min-
imal trauma during intubation and allows selection of the largest
suitable endotracheal tube. Endotracheal intubation in rabbits re-
quires gentle manipulations. Rough technique invariably leads to
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Fig. 18.23. Restraint of an nontranquilized foal for nasotracheal in-
tubation. A lubricated tube is directed through the ventral meatus. Fig. 18.24. Lidocaine (2%) being injected through the endotracheal

tube, the distal end of which is near the foal’s glottis. The lidocaine
should desensitize the epiglottis and arytenoid cartilages to facilitate
passage of the tube through the glottis.



trauma to the tongue, pharynx, larynx, or trachea. Trauma with as-
sociated edema and hemorrhage can cause lethal complications.

Rabbits can be intubated when positioned in sternal recum-
bency with the head and neck extended and the fleshy tongue
gently withdrawn from the mouth (Figs. 18.27 to 18.30). The
rabbit’s head can be held with a piece of rolled gauze placed cau-
dal to the maxillary incisors. A size-0 Miller laryngoscope blade
(75 mm long) is used to expose the glottis; the blade is carefully
manipulated lateral to the maxillary incisors, into the mouth, and
over the base of the tongue to expose the soft palate, epiglottis,
and glottis. All are very fine, but distinct, anatomical structures.
The epiglottis may be positioned behind the soft palate. The
anesthetist should definitively identify the glottis before proceed-
ing. Then, a guide tube (a 5- to 8-French canine urinary catheter)
can be passed through the larynx and into the midcervical tra-
chea, about 2 cm past the glottis (Fig. 18.27). The guide tube
should not be forced because the trachea is easily torn, which can
eventually lead to subcutaneous emphysema, pneumothorax,
pneumomediastinum, pneumoabdomen, or death. The endotra-
cheal tube is passed over the guide tube, through the larynx, and
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Fig. 18.25. A nasotracheal tube is positioned in the trachea and
ready to be secured to the patient. The proximal end of the tube
extends a few centimeters from the nostril to facilitate taping (see Fig.
18.26).

Fig. 18.26. A nasotracheal tube secured to a foal’s muzzle. The cuff
has been inflated, and an adult Bain breathing system has been con-
nected to the endotracheal tube to facilitate induction of anesthesia
with isoflurane in oxygen.

Fig. 18.27. Endotracheal intubation in a rabbit. The rabbit is posi-
tioned in sternal recumbency, the glottis has been exposed with a
size-0 Miller blade, and the anesthetist is passing a 7-French canine
urinary catheter to serve as a guide tube for intubation.



into the trachea. If resistance to passing the endotracheal tube
through the glottis is apparent, less than 0.5 mL of 2% lidocaine
can be flushed through the endotracheal tube to the larynx. The
lidocaine desensitizes the larynx, and intubation usually pro-
ceeds uneventfully. The cuff should be inflated minimally, the
pilot balloon should remain soft, and a leak around the cuff
should occur at an inspiratory pressure of about 15 cm H2O. The
tube should be secured with rolled gauze behind the rabbit’s ears.
Alternatively, in large rabbits, a blind approach to endotracheal
intubation is often successful when the head and neck are maxi-
mally extended and the endotracheal tube is advanced into the
remiglottis. Intubation of the trachea is expedited at this point by
listening for air movement through the tube while gently advanc-
ing it beyond the larynx into the trachea.

Birds and Reptiles
Endotracheal intubation in birds and reptiles that are commonly
presented for anesthesia is relatively easy. The glottis is usually
located on the midline at the base of the tongue and is readily ap-
parent when the patient’s mouth is opened. Appropriately sized
endotracheal tubes should be selected, and, to avoid damage to
the tracheal rings if cuffed tubes are used, the cuff should not be
overinflated. Owing to the small size of some birds and reptiles
and the propensity for mucus to collect in the distal end of the
tube, the anesthetist should be careful to assure a patent airway
at all times. The use of lubricating jelly can also cause the ob-
struction of air flow through small endotracheal tubes.

Special Techniques for Endotracheal
Intubation
The common techniques for endotracheal intubation may fail if
oropharyngeal pathology is present (Fig. 18.31) or if movement
of the temporomandibular joint is impaired. In such patients,
“blind” intubation can be performed successfully on occasion.
With the patient’s head and neck extended, the larynx can be ma-
nipulated externally with one hand while the other hand maneu-
vers the tube through the larynx and into the trachea. However, if
this technique is too traumatic or fails completely, other options
for intubation are available.

Guide-Tube Technique
In some patients, a laryngoscope blade will allow exposure and il-
lumination of the glottis by diverting the obstruction to one side,
enabling direct placement of the endotracheal tube into the larynx.
However, it may be easier to pass a small-diameter guide tube
(e.g., a canine urinary catheter), rather than an endotracheal tube,
through the glottis. Guide-tube technique has been previously de-
scribed for various species, and it can be beneficial in dogs and
cats with oropharyngeal pathology.19 Once the tip of the guide
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Fig. 18.30. Endotracheal intubation in a rabbit. The distal end of the
endotracheal tube has been advanced through the larynx to its final
position in the midcervical trachea. The anesthetist is preparing to
extract the guide tube and secure the endotracheal tube behind the
rabbit’s ears.

Fig. 18.28. Endotracheal intubation in a rabbit. The endotracheal
tube is advanced over the guide tube and into the mouth (the distal
end of the guide tube is located 2 cm caudal to the cricoid cartilage).

Fig. 18.29. Endotracheal intubation in a rabbit. The distal end of the
endotracheal tube is located just rostral to the glottis, the tip of the
guide tube is in the cervical trachea, and lidocaine is flushed through
the lumen of the endotracheal tube to desensitize the larynx before
advancement of the endotracheal tube.



tube is situated about half the distance from the cricoid cartilage
to the thoracic inlet, the endotracheal tube can be passed into
place (Fig. 18.32). Then, the guide tube is removed, and the endo-
tracheal tube is secured as appropriate for the species involved.

Retrograde Intubation
If direct visualization of at least a portion of the glottis is impos-
sible, other techniques of intubation have been advocated.19,20

One method—use of a retrograde guide tube or wire—involves
passing a hypodermic needle through the skin of the neck and
into the trachea at the junction of the second and third tracheal
rings. In human patients, the needle is passed through the crico-

thyroid membrane. A guidewire is then maneuvered through the
needle cranially into the larynx, pharynx, and oral cavity until it
can be used as a guide for passage of an endotracheal tube (Fig.
18.33). After the tip of the endotracheal tube is within the larynx,
the needle and the guide tube are removed, and the endotracheal
tube is manipulated into its final position with the cuffed end
near the thoracic inlet. The cuff should be located caudal to the
puncture site of the hypodermic needle to avoid forcing gases
subcutaneously or into the mediastinum during positive-pressure
ventilation. Subcutaneous emphysema and pneumothorax are
possible complications with this technique.

Lateral Pharyngotomy
This technique has been described6 and has been advocated for
selected canine and feline patients requiring oropharyngeal sur-
gery or orthopedic procedures involving the mandible or maxilla
(Fig. 18.10). The major advantages are improved visualization
within the operative field during oropharyngeal surgery and nor-
mal dental occlusion to aid in the proper reduction of mandibu-
lar or maxillary fractures.

The basics of tube placement involve passage of a correctly
sized, cuffed endotracheal tube and a routine skin incision made
near the angle of the mandible. Then, hemostats are bluntly passed
through the skin incision into the caudal part of the pharynx. After
the endotracheal tube adapter has been removed, the adapter end
of the tube is grasped and pulled from the pharynx, through the
subcutaneous tissue, and through the skin incision. The endotra-
cheal tube adapter is replaced, and the tube is reconnected to the
breathing system for maintenance. A correctly placed tube should
be secured to the skin with tape and several sutures.

Using an Endoscope
Laryngoscopy with a flexible fiber-optic endoscope can be useful
for intubation in patients with abnormal anatomy or disease
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Fig. 18.31. In this dog, a pharyngeal tumor is obstructing the larynx
and inhibiting passage of an endotracheal tube. Intubation was ac-
complished by using a laryngoscope blade to expose the glottis
enough for a guide tube to enter the larynx, followed by passage of
the endotracheal tube over the guide tube. From Hartsfield.19

Fig. 18.32. Diagram illustrating passage of an en-
dotracheal tube into the trachea of a dog by using a
guide tube. From Hartsfield.19



processes involving the pharynx or head and neck. Depending on
the species and the specific conditions, the endoscope can be
placed inside the endotracheal tube to directly guide intubation
passed orally beside the endotracheal tube, or advanced through
the nasal passage to view the endotracheal tube entering the glot-
tis. The technique can be particularly advantageous in horses with
abnormal oropharyngeal, laryngeal, and/or nasal anatomy, and can
be helpful in small laboratory species that are difficult to intubate.
The technique is applicable to any species that are difficult to intu-
bate. The technique is applicable to any species in which intuba-
tion is impaired by anatomical abnormalities or disease. The tech-
nique is illustrated in a normal cat in Figs. 18.34 through 18.36.

Tracheostomy
A temporary tracheostomy can be chosen for airway manage-
ment in lieu of the techniques suggested earlier for difficult
cases. In some patients, the only reasonable option for intubation
is tracheostomy, and some patients with airway disease arrive in
the induction room with a tracheostomy tube in place. For anes-
thesia, intubation of the trachea through the tracheostomy site
provides all of the advantages of oral intubation or intubation by
pharyngotomy. However, tracheostomy has been associated with
infection, granulomas, tracheal stricture, cartilage damage, hem-
orrhage, pneumothorax, tracheocutaneous or tracheo-esophageal
fistula, aspiration, dysphagia, and tracheal malacia; thus, tra-
cheostomy should not be considered an innocuous procedure.21

Intubation via tracheostomy is generally reserved for patients re-
quiring preoperative or postoperative tracheostomy for airway
management. A tracheostomy tube with a replaceable lumen
(Fig. 18.8) should be used, if available, but standard endotracheal
tubes have been used satisfactorily (Fig. 18.9). Care of the tube
is very important. Neglected tubes that are not cleaned regularly
can be obstructed by mucus that dries within the lumen of the
tube (Figs. 18.37 and 18.38).

Changing Endotracheal Tubes
Changing endotracheal tubes during a surgical or diagnostic pro-
cedure in an anesthetized animal is occasionally required due to
a failing cuff or simply the need for a different size or length of
tube. Patients positioned and draped for surgery are generally not
ideally situated for intubation. Changing the tube with guide-tube
technique is probably the easiest, most efficient way to accom-
plish the procedure.19,22 Depending on the size of the patient and
the endotracheal tube, two canine urinary catheters (8 to 10
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Fig. 18.34. Epiglottis, arytenoid cartilages, and glottis of a cat, as
viewed through a fiber-optic endoscope.

Fig. 18.33. Diagram illustrating the placement
and use of a retrograde guide tube for passage
of an endotracheal tube in a dog. This tech-
nique is reserved for patients that cannot be in-
tubated by other methods. From Hartsfield.19



French) connected in tandem, or an equine stomach tube will
make an excellent guide tube.

To change endotracheal tubes, the guide tube is inserted
through the original endotracheal tube to the area of the midcer-
vical trachea. Next, the endotracheal tube cuff is deflated, and the
endotracheal tube is pulled over the guide tube without removing
the guide tube from the trachea. Then, the new endotracheal tube
is maneuvered through the larynx and into the trachea by using
the guide tube to direct its passage. The cuff of the new tube is
inflated to protect the airway, and the new tube is secured in the
manner appropriate for the specific species.

Tracheal Extubation
Extubation is performed after patients regain the ability to swal-
low and protect their airways. When the cuff is deflated, the en-
dotracheal tube is removed slowly and deliberately, with care
taken to avoid damaging the patient’s tissues with the endotra-
cheal tube or damaging the cuff as the tube passes the teeth. After
extubation, protection of the airway from foreign material and
maintenance of a patent airway remain important. The type of
surgical or diagnostic procedure, the species and breed, and pre-
existing conditions all affect these considerations.

The anesthetist should be certain that no foreign material re-
mains in the oropharynx before beginning extubation. In dogs
and cats, the pharynx should be inspected visually, and any de-
bris should be removed. Specifically, surgery of the mouth and
pharynx, dental procedures, and endoscopy promote the accumu-

lation of blood, fluids, lubricants, tartar, or other materials.
Animals anesthetized for gastrointestinal surgery are prone to
passive movement of fluid into the pharynx; two examples are
dogs with gastric dilation and volvulus (GDV) and horses with
colic. Nasogastric or orogastric tubes commonly used in these
procedures may promote flow of gastric contents into the phar-
ynx during surgery or when the tube is removed. With either

Airway Management and Ventilation ● 509

Fig. 18.35. A polyethylene guide tube (8-French) passing through
the glottis and into the larynx and trachea of a cat as viewed through
a fiber-optic endoscope. Although not generally necessary for intuba-
tion in cats, this technique is effective in other species.

Fig. 18.36. An endotracheal tube passing into the larynx of a cat as
viewed through a fiber-optic endoscope. Although not generally nec-
essary for intubation in cats, this technique is effective in other
species.

Fig. 18.37. An endotracheal tube that had been placed through a
tracheostomy to maintain an airway in a cat during transport of the
cat to a referral center. On presentation, the cat was dyspneic and
cyanotic. The tube was filled with dried mucus, and the extent of the
occlusion of the lumen is illustrated more dramatically in Fig. 18.38.
The tube had not been changed or cleaned for several hours.



species, the head should be positioned to allow drainage of fluid
from the pharynx during surgery, and removing the endotracheal
tube with the cuff inflated is advised.

Assuring a patent airway after extubation is essential, espe-
cially in patients with small-diameter upper airways (e.g., kit-
tens, piglets, rabbits, and small brachycephalic dogs). A number
of factors can be responsible for postextubation problems.
Edema of the upper airway, including the larynx and nasal pas-
sages; laryngeal spasm; interference with the integrity of the air-
way by the soft palate; and laryngeal paralysis are all possible
causes of obstructive problems. The anesthetist should be pre-
pared to manage the airway at the time of extubation, knowing
that these complications can impair ventilation and oxygenation.
In some instances of postextubation airway obstruction, reanes-
thetizing the patient and reintubation may be the only feasible
option.

Techniques of Oxygen Administration
Supplemental oxygen is used in anesthetized and critically ill pa-
tients to increase the partial pressure of oxygen in arterial blood
(PaO2) and to promote delivery of oxygen to the tissues. When a
patient is breathing room air, values for PaO2 that are less than 80
mm Hg indicate the potential for hypoxemia. If the PaO2 de-
creases to less than 60 mm Hg, the need for supplemental oxy-
gen is indicated.23 Although ventilation is a factor in maintaining
oxygenation, the fraction of oxygen in inspired gases (FIO2)
plays a significant role in establishing the PaO2. As a rule, the
PaO2 value is approximately five times the FIO2 value if there are
no major abnormalities in the matching of pulmonary ventilation
and perfusion. Supplemental oxygen may be the only effective
way of correcting hypoxemia in animals with diffusion abnor-
malities and ventilation-perfusion mismatching. Supplemental
oxygen may not significantly improve PaO2 in patients with pul-
monary or cardiac shunts.

Several techniques can be used to administer oxygen to anes-

thetized and critically ill patients. The effectiveness of oxygen
supplementation is assessed by evaluation of the patient’s clini-
cal responses (e.g., improvement in mucous membrane color and
character of ventilation), by measuring the FIO2, and by monitor-
ing of PaO2, arterial oxygen saturation (SaO2), and saturation of
peripheral oxygen (SpO2). Although PaO2 and SaO2 data are re-
liable, they require periodic arterial blood sampling and the use
of an acid-base, blood-gas analyzer. The SpO2 can be conve-
niently measured by pulse oximetry. Pulse oximetry is a practi-
cal method for noninvasive, moment-to-moment estimation of
the saturation of hemoglobin with oxygen in anesthetized, recov-
ering, and critically ill patients.24,25

Mask Delivery
Masks for delivery of oxygen to veterinary patients are useful for
preoxygenation immediately before induction of anesthesia and
for emergency situations in awake patients. The use of masks for
oxygenation requires constant attention, and some patients will
not accept a mask unless they are sedated. Both factors limit the
effectiveness of masks in awake patients. Indeed, some patients
object to a mask so vigorously that the increase in oxygen con-
sumption associated with restraint may nullify the benefits of a
greater FIO2.

The flow rates generally recommended for increasing FIO2
when using masks are variable among species. For example, flow
rates of 10 to 15 L/min of supplemental oxygen have been rec-
ommended to increase the inspired-oxygen concentration to ap-
proximately 35% to 60% in adult horses.26 Flow rates for smaller
patients, including dogs and cats, usually range from 3 to 5
L/min. With a tight-fitting mask, higher flow rates of oxygen will
produce greater FIO2 values and less rebreathing of expired car-
bon dioxide.

A mask should be used with a breathing system with a reser-
voir that can meet the patient’s tidal volume demands or with a
valved system that allows room air to be entrained. As an exam-
ple, a dog with a tidal volume of 300 mL and an inspiratory time
of 1 s has a peak inspiratory gas flow of approximately 18 L/min,
which exceeds the practical flow rate for oxygen during masking.
High inspiratory flow rates can be provided if the mask is at-
tached to a circle breathing system with a reservoir bag. In addi-
tion, a breathing system has an overflow (pop-off) valve that pre-
vents the buildup of excessive pressure with a tight-fitting mask.

Nasal Insufflation
Insufflation involves delivery of oxygen into the patient’s airway
at relatively high flow rates (Fig. 18.39); the patient inspires both
oxygen and room air, the relative proportions of each being de-
termined primarily by the oxygen flow rate and the rate of gas
flow during inspiration.

Insufflation can be accomplished by a variety of methods. For
horses recovering from anesthesia, oxygen may be delivered
from a flowmeter through a delivery tube and into an orotracheal,
nasotracheal, or tracheostomy tube. For most awake patients,
oxygen is insufflated through a nasal catheter, the tip of which is
positioned in the nasopharynx. The catheter is usually made of
soft rubber, and the tube should have several fenestrations to pre-
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Fig. 18.38. End-on view of the endotracheal tube in Fig. 18.37
shows that the lumen was almost occluded. The cat was dyspneic
prior to removal of the tube from the tracheostomy site.



vent jetting lesions from developing in the nasopharyngeal mu-
cosa.27 For awake small animals, instilling 2% lidocaine into the
nasal passage with the patient’s head and neck extended and held
upward may facilitate passage of the tube. Placement involves in-
sertion of the rubber catheter into the nasal passage and the na-
sopharynx, the distance being approximately the same as from
the tip of the nose to the medial canthus of the eye. The external
portion of the catheter is secured to the patient’s head with tissue
adhesive, tape, and/or sutures. A flexible length of tubing sup-
plies oxygen from a flowmeter and allows the patient some free-
dom for movement in a cage or stall. Changing the catheter to the
opposite nasal passage every 1 to 2 days has been recommended
to prevent pressure necrosis, jet lesions, and accumulation of
mucus.27

The flow-rate requirements for oxygen during insufflation are
quite variable, the patient’s ventilation and the desired FIO2
being two important factors. Following anesthesia, adult horses
require a minimum of 15 L/min of oxygen flow to improve the
PaO2 in arterial blood, and proportionally lower flows (e.g., 5
L/min) are suitable for smaller horses and foals.26 In small ani-
mals, flow rates of 1 to 7 L/min are typically used for the admin-
istration of nasal oxygen. Approximate flow rates for dogs and
cats to achieve rather specific ranges of FIO2 have been sug-
gested.27,28 In dogs, various flow rates of 100% oxygen adminis-
tered intranasally were studied, and flow rates of 50, 100, 150,
and 200 mL kg�1 min�1 produced inspired-oxygen concentra-
tions measured at the tracheal bifurcation of 28%, 37%, 40%,
and 47%, respectively.29 To prevent mucosal drying with pro-
longed insufflation, oxygen should be flowed through a bubble-
type humidifier.

Tracheal Insufflation
An intratracheal catheter placed percutaneously into the trachea
through the cricothyroid membrane or between tracheal rings
near the larynx can be used to insufflate oxygen to a compro-
mised patient. Intratracheal administration of 100% oxygen has
been evaluated in dogs, and flow rates of 10, 25, 50, 100, 150,

200, and 250 mL kg�1 min�1 produced inspired-oxygen concen-
trations at the tracheal bifurcation of 25%, 32%, 47%, 67%, 70%,
78%, and 86%, respectively.30 The technique for tracheal insuf-
flation has been described for small animals.27,30 The catheter
should be placed aseptically, be of the over-the-needle type, rel-
atively large bore, have several smooth fenestrations to prevent
jet lesions, and ultimately positioned with the tip near the
bronchial bifurcation. Oxygen should be humidified, and flow
rates should approximate those used for nasal insufflation.

Oxygen Cages
Oxygen cages (Figs. 18.40 and 18.41) specifically designed for
small animals are commercially available, but expensive. These
cages regulate oxygen flow, control humidity and temperature,
and eliminate carbon dioxide from exhaled gases. For small ani-
mals, flow rates of oxygen, cage temperature, and cage humidity
have been recommended to be less than 10 L/min, approximately
22°C, and 40% to 50%, respectively.27 With these flow rates,
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Fig. 18.39. A nasal catheter for administration of oxygen in a dogs.
The tube is secured to the muzzle with a suture.

Fig. 18.40. A standard stainless-steel cage with a Plexiglas door fa-
cilitating administration of humidified oxygen to an English bulldog.
Although concentrations of oxygen are unlikely to be very high, pa-
tients with respiratory distress often show clinical improvement.



most oxygen cages produce an environmental oxygen concentra-
tion of about 40% to 50%.27 Oxygen concentrations of 30% to
40% generally are adequate for patients with moderate pul-
monary disease.23 Oxygen cages are not practical for large
horses,26 and, even in smaller animals, the effectiveness of an
oxygen cage diminishes as body size increases. Because of this,
nasal insufflation of oxygen has supplanted oxygen cages in
many instances, even for smaller dogs and cats.

Smaller canine patients can be managed easily in oxygen
cages, but temperature and humidity are more difficult to control
with larger dogs. A major disadvantage of an oxygen cage is that
the animal must be removed from the cage for examination and
treatment, requiring the patient to breathe room air or oxygen by
mask during this period. Clinically, some dogs and cats with se-
rious ventilatory compromise respond very well to an oxygen-
enriched environment as initial therapy; the increase in FIO2 is
associated with decreased ventilatory effort, and the patient sta-
bilizes and becomes more manageable prior to further examina-
tion and treatment.

Oxygen Toxicity
Oxygen toxicity develops with prolonged exposure to high oxy-
gen concentrations.31,32 Oxygen toxicity leads to the deteriora-
tion of pulmonary function, pulmonary edema, and death. The
length of time that a patient’s PaO2 is elevated may be more pre-
dictive of oxygen toxicity than the duration of exposure to a high
FIO2.32 There is significant species and individual variability in
susceptibility to oxygen toxicity.27,32 In human patients, the
guideline is that 100% oxygen should not be administered for
more than 12 h of exposure.27 In general, a patient should not be
deprived of a high concentration of oxygen if a high FIO2 is re-
quired to maintain an adequate PaO2; it has been stated that the
brain softens (due to hypoxemia) before the lungs harden (owing
to changes induced by prolonged exposure to high oxygen ten-
sions).33 As a guideline for prolonged administration of oxygen,
40% to 50% oxygen is generally safe, but higher inspired con-

centrations should be used if necessary to maintain a patient’s
PaO2 at approximately 90 to 100 mm Hg and ensure hemoglobin
saturation with oxygen.

Mechanical Ventilation
Essentially, all anesthetized patients hypoventilate; they do not
maintain arterial carbon dioxide partial pressure (PaCO2) values
near 40 mm Hg because of abnormal alveolar ventilation.
Although controlled ventilation is not necessary for all anes-
thetized patients, various circumstances may compel an anes-
thetist to employ intermittent positive-pressure ventilation
(IPPV). The absolute indication for mechanical ventilation is
apnea.34 However, IPPV should be instituted if hypoventilation
becomes significant, if neuromuscular blocking drugs are em-
ployed, or if intrathoracic surgery is performed.35 General anes-
thesia for longer than 11/2 h may constitute a reason for IPPV.36

In addition, IPPV may be needed to facilitate inhalant anesthesia.
Hypoventilating animals may not absorb enough anesthetic to
maintain surgical anesthesia. IPPV will enhance alveolar ventila-
tion and increase the uptake of the inhalants. This may help in
eliminating the oscillations between deep and light anesthesia as-
sociated with depression of spontaneous ventilation.

Maintaining relatively normal carbon dioxide tensions in arte-
rial blood is the primary goal of mechanical ventilation in anes-
thetized patients. Normal values for PaCO2 are generally in the
range of 35 to 45 mm Hg for most species. However, controversy
exists about the routine use of IPPV in anesthetized patients, par-
ticularly anesthetized horses, simply to keep PaCO2 near 40 mm
Hg. Because IPPV is associated with reduced cardiovascular
function and moderate increases in PaCO2 are associated with im-
provement in some cardiovascular variables, IPPV for every anes-
thetized patient is neither universally accepted nor universally
practiced. The definition of an acceptable degree of hypercapnia
in an anesthetized animal is not without debate. For sponta-
neously breathing horses, a range of 60 to 70 mm Hg of PaCO2
has been suggested as perhaps safer than controlled ventilation
with its potentially adverse effects on cardiovascular function and
tissue perfusion.36 Others have recommended IPPV for horses
only when PaCO2 values exceed 60 mm Hg37 or even 70 mm
Hg.26,37 Employing IPPV in large anesthetized animals, including
horses and other species, to maintain PaCO2 values between 35
and 50 mm Hg remains common practice. For a more definitive
answer to this debate, large-scale clinical trials with various sized
horses and anesthetic-surgical conditions need to be completed.

The direct cardiovascular effects of carbon dioxide include di-
lation of peripheral arterioles and myocardial depression.
Indirectly, carbon dioxide evokes sympathoadrenal responses,
which cause blood pressure elevation, tachycardia, and increased
myocardial contractility.38 Moderate (60 to 70 mm Hg) to high
(75 to 85 mm Hg) increases in PaCO2 in spontaneously breath-
ing and mechanically ventilated, lightly anesthetized horses were
associated with augmented cardiovascular function compared
with horses with normal carbon dioxide tensions; these hemody-
namic effects were accompanied by increases in circulating cat-
echolamines.39 If more normal (35 to 45 mm Hg) arterial carbon
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Fig. 18.41. Two commercial oxygen cages designed for small vet-
erinary patients. The cages can control environmental temperature,
deliver oxygen, and absorb carbon dioxide from expired gases.



dioxide tensions correlate with lower values for blood pressure,
myocardial contractility, and cardiac output in anesthetized ani-
mals, the argument can be made that spontaneously breathing
(slightly hypercapnic) anesthetized animals may maintain car-
diovascular function better than animals whose ventilation is
controlled with IPPV. The use of inotropic drugs may be neces-
sary to maintain cardiovascular function during surgical anesthe-
sia in mechanically ventilated horses. Nevertheless, there are
good reasons to maintain PaCO2 values within reasonable limits
in anesthetized animals.

Inhalant anesthetics (e.g., halothane) and epidural or spinal
anesthesia reduce the circulatory responses to carbon diox-
ide.38,40 In addition, hypercapnia has been associated with in-
creases in vagal tone and slowing of heart rate.41 Indeed, hyper-
capnia has long been related to enhanced vagal responsiveness,
bradycardia, and even cardiac arrest. It used to be said that “hy-
percarbia does not stimulate vagal activity directly, but it ‘sets the
stage’ for cardiac arrest if such a stimulus is present.”42 It is
known that carbon dioxide produces narcosis in dogs, the degree
of which depends on the PaCO2 value; narcosis progressively in-
creases with PaCO2 values above 95 mm Hg and induces com-
plete anesthesia at 245 mm Hg.43 Hypercapnia and the associated
increases in circulating catecholamines have been linked to the
development of cardiac arrhythmias, especially when the heart
has been sensitized by halogenated inhalant anesthetics.44 In
human pediatric patients whose airways were managed by
masks, hypercapnia was associated with an increased incidence

of arrhythmias.45 The authors noted that light anesthesia or a
combination of factors such as hypercapnia and halothane might
have been as important as hypercapnia alone in the production of
arrhythmias in these children. Thus, there is a negative side to un-
controlled hypercapnia that should be considered for anes-
thetized patients, and the veterinarian or anesthesiologist should
weigh the advantages against the disadvantages in the anesthetic
management of each patient.

Mechanical ventilation does negatively affect cardiovascular
function (Fig. 18.42). The depression of cardiovascular function
may be significant. When ventilation is controlled and negative
pressures are not generated during inspiration, venous return is
not enhanced. Indeed, IPPV may physically impede venous re-
turn to the right side of the heart, leading to decreases in stroke
volume, cardiac output, and arterial blood pressure. In anes-
thetized, mechanically ventilated horses, a reduction in blood
pressure and damping of the pressure waveform is not uncom-
mon, especially in critically ill patients with a marginal blood
volume. The negative effects of mechanical ventilation on car-
diovascular function can be exacerbated by prolonging inspira-
tory time, holding positive pressure in the lungs at the end of in-
spiration, retarding exhalation, applying positive pressure during
the expiratory phase, and employing an excessively rapid respi-
ratory rate. Some of these effects are illustrated in Fig. 18.42.
Fortunately, these negative effects can be overcome in many
cases by the appropriate expansion of extracellular fluid volume
and, if necessary, the administration of inotropic drugs.
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Fig. 18.42. Diagrams illustrating the mean pres-
sure in the lungs in relation to positive-pressure ven-
tilation: the effects of a long inspiratory time (A), an
inspiratory plateau or holding pressure at the end of
inspiration (B), an inspiratory plateau with retarded
expiration (C), a rapid inspiration (D), and a slow in-
spiration with a negative expiratory phase (E). Lower
mean pressure is most desirable from the standpoint
of cardiovascular function, and D illustrates the most
desirable type of ventilation, although the inspiratory
time depicted is shorter than normally used clinically.
From Mushin et al.,71 in Lumb and Jones.72



Guidelines for mechanical ventilation usually include values
for inspiratory time, respiratory rate, inspiratory to expiratory
time ratio, and tidal volume. Some variations exist because of
differences in body size, species, physical condition of the lungs
and thorax, and existing disease processes.

Normal tidal volume is generally considered to range between
10 and 20 mL/kg of body weight.46 A good working guideline for
tidal volume in the domestic species is approximately 10
mL/kg.47 For IPPV, the tidal volume set on a mechanical ventila-
tor is usually increased above the normal spontaneous tidal vol-
ume to compensate for pressure-mediated increases in the vol-
ume of the breathing system and airway. Increasing the tidal
volume (bellows volume) by 2.2 to 4.4 mL/kg has been recom-
mended.35 Settings for tidal volume—15 mL/kg in large animals
and 20 mL/kg in small animals—have been suggested.47 Use of
small tidal volumes may cause atelectasis, which may only be
recognized grossly during thoracotomy or with blood-gas analy-
sis, because atelectasis contributes to mismatching of pulmonary
ventilation and perfusion leading to decreased PaO2. The tidal
volume should be delivered to the patient over a relatively short
period to avoid maintaining positive intrathoracic pressure.
Inspiratory time should be approximately 1 to 1.5 s in small ani-
mals and 1.5 to 3 s in large animals.

The inspiratory time compared with time during the entire ex-
piratory phase is termed the I-E ratio. That fraction should be 1:2
(I-E) or less for mechanical ventilation in all patients. Ratios that
approach 1:1 produce a long duration of positive intrathoracic
pressure, which interferes more with cardiovascular function. If
a patient’s respiratory rate is 10 breaths/min and the inspiratory
time is 1.5 s, the I-E ratio will be 1:3. In general, the exact value
of the I-E ratio is not important as long as the ratio is less than
1:2. With some ventilators that incorporate specific, unchange-
able I-E ratios, the options for controlling respiratory rate may be
limited.

Tidal volume and inspiratory time affect the development of
peak inspiratory pressure. In general, 15 to 30 cm H2O will ex-
pand the lung,47 and 15 to 20 cm H2O and 20 to 30 cm H2O have
been recommended as peak inspiratory pressures for mechanical
ventilation of small animal species with normal lungs and large
animal species with normal lungs, respectively.35 Excessive or
sustained pressure during IPPV can cause excessive expansion
and volutrauma, leading to disruption of the alveolar membrane,
to the development of interstitial air, and ultimately to the trans-
fer of air into the mediastinum, pleural space, or abdomen.48 A
good guideline for peak inspiratory pressure is not to exceed 30
cm H2O. Special attention to peak pressure is important for
animals that have experienced lung trauma (e.g., diaphragmatic
hernia).49

The appropriate respiratory rate for mechanical ventilation
varies with the species and the tidal volume selected. The follow-
ing recommendations have been published: dogs, 8 to 14
breaths/min; cats, 10 to 14 breaths/min; horses and cows, 6 to 10
breaths/min; and small ruminants and pigs, 8 to 12 breaths/min.47

In patients requiring smaller than usual tidal volumes, to avoid
excessive inspiratory pressures (e.g., lung trauma, diaphragmatic
hernia, or gastrointestinal distension, including GDV), respira-

tory rates can be increased to maintain the appropriate minute
ventilation.

When controlled ventilation is discontinued at the end of anes-
thesia, the return of spontaneous ventilation may be impaired. If
PaCO2 is low, spontaneous ventilation may not resume. Part of
the management of controlled ventilation should be maintenance
of relatively normal carbon dioxide tensions, and hypocarbia
should be avoided. The residual effects of opioids, anesthetics,
and adjunctive drugs (e.g., neuromuscular blocking drugs) at the
end of anesthesia may contribute to a delayed return to sponta-
neous ventilation. Complicating factors associated with general
anesthesia or surgery (e.g., hypothermia or hypovolemia) may
slow an animal’s return to consciousness and thus spontaneous
ventilation. In general, the arterial tension of carbon dioxide must
increase to stimulate the animal to breathe spontaneously, or the
patient must regain a level of consciousness that promotes spon-
taneous ventilation. Before attempting to discontinue controlled
ventilation, the anesthetist should ascertain that depth of anesthe-
sia is decreasing, that the effects of muscle-relaxing drugs have
subsided or have been antagonized, and that cardiovascular func-
tion is relatively normal. Then, the animal can be weaned from
controlled ventilation.

The patient should continue to receive supplemental oxygen
until spontaneous ventilation is relatively normal. Reducing the
rate of controlled ventilation usually increases PaCO2 enough to
stimulate spontaneous breathing when an animal is regaining
consciousness. Generally, the patient is mechanically or manu-
ally ventilated at a rate of one to four breaths per minute until
spontaneous ventilation resumes. In many cases, animals begin
to breathe spontaneously after the vaporizer has been turned off
and most of the inhalant anesthetic has been eliminated, even
though controlled ventilation has not been stopped. Some pa-
tients require some type of external stimulus to begin breathing
(e.g., pinching the skin between a dog’s toes). After the animal
begins to breathe spontaneously, assisted ventilation and supple-
mental oxygen should be provided until the respiratory rate and
tidal volume begin to normalize.

Anesthesia Ventilators
Anesthesia ventilators provide for mechanical ventilation of
patients being maintained with inhalant anesthetics. Simply, an
anesthesia ventilator is a reservoir bag (a bellows or concertina
bag) in a closed container (bellows housing) that can substitute
for the reservoir bag of an anesthesia breathing system. Within
limits, the ventilator can drive its bellows to produce a specific
tidal volume or a specific inspiratory pressure at a preselected
rate. The anesthesia ventilator performs the same job as the
anesthetist who periodically squeezes the circle system’s reser-
voir bag to ventilate the patient. Some anesthesia ventilators are
stand-alone units that are attached to an anesthesia machine
when needed, whereas other ventilators are manufactured as an
integral part of the anesthesia machine. Most anesthesia venti-
lators designed for human patients are appropriate for veterinary
patients weighing less than approximately 140 kg. Ventila-
tors specifically designed for large animals are needed for pa-
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tients weighing more than 140 kg. Admittedly, these guide-
lines for body weight and selection of a ventilator are somewhat
arbitrary.

Classification
The power source, drive mechanism, cycling mechanism, and
type of bellows have been used to classify anesthesia ventila-
tors.50 The power source may be electricity, compressed gas, or
both. The drive mechanism is commonly compressed gas, even
when electric controls are used. Anesthesia ventilators are usu-
ally double-circuit units (Fig. 18.43). Double circuit refers to two
gas sources: (a) the driving-gas circuit (outside of the bellows),
which compresses the bellows, and (b) the patient gas circuit (in-
side the bellows), which originates at the anesthesia machine and
provides oxygen and anesthetic to the breathing system and pa-

tient. Specific ventilators for veterinary applications are classi-
fied in Table 18.1.

Anesthesia ventilators are typically, though not always, time
cycled.50 Fluidic timing devices were common in the late 1970s,
and fluid-controlled ventilators remain in use. Newer electronic
ventilators incorporate solid-state timing circuitry and are classi-
fied as time cycled and electronically controlled. A pressure-
cycling mechanism may be present in some ventilators, and some
have been described as volume cycled. In most cases, a timing
mechanism plays a major role in a ventilator’s function, and vol-
ume or pressure limits may affect the change in the respiratory
cycle from inspiration to expiration.

The direction that the bellows moves during expiration, either
ascending or descending, also helps to characterize anesthesia
ventilators. Newer anesthesia ventilators usually have ascending
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Fig. 18.43. Diagram of a generic, double-
circuit ventilator. Driving gas enters at A, lead-
ing to compression of the bellows and forcing
gas in the patient circuit toward the breathing
system and the patient’s respiratory system
(C). Overflow gas from the patient circuit exits
through the pop-off valve (E) and flows into
the scavenger system (B). F, tidal volume ad-
justment; D, bellows; and H, bellows housing.

A



bellows. The ascending bellows is considered safer because it
will not fill if a disconnection occurs in the breathing circuit.50

The ascending bellows falls to the bottom of the bellows housing
during a disconnection, giving an immediate visual indication of
ventilator failure. Ascending bellows are incorporated into mod-
ern electronic ventilators. Ventilators with descending bellows
may continue to cycle even with a complete disconnection of the
ventilator from the breathing system.

The terms tidal volume preset, volume preset, and volume con-
stant have been used to describe anesthesia ventilators; these
terms have been included in operation manuals and other de-
scriptive literature authored both by manufacturers and by med-
ical personnel. The implication is that the ventilator delivers ex-
actly the tidal volume selected despite the total inspiratory time
or the amount of inspiratory pressure that develops. However, the
tidal volume that actually reaches a patient’s lungs may vary
from the setting on the ventilator. Variations are related to the
compliance of the breathing system, leaks in the system, and 
the entry of fresh gases into the breathing system. Although the
terms tidal volume preset, volume preset, and volume constant
may be practical, the user should understand the unknown influ-
ences on the quantity of gas actually delivered to the patient.

In addition, ventilators may be called pressure preset, indicat-
ing that inspiration continues until a selected pressure is reached,
no matter what tidal volume is necessary to achieve the pressure.
The amount of gas delivered to a patient depends on a number of
factors, including the resistance and compliance of the breathing
system and the patient’s respiratory system. Although inspiratory
pressure may not vary over time, the tidal volume may change as
compliance of the respiratory system changes.

Even though ventilators have been classified as volume limited
and pressure limited, and pressure cycled, time cycled, and vol-
ume cycled, these terms may be somewhat misleading or confus-
ing because the mechanism that actually causes the change from
expiration to inspiration is most often a timing mechanism.

Indeed, the change from one phase of ventilation to the other
may involve more than one mechanism, including volume, pres-
sure, and/or time. Some ventilators may use different cycling
mechanisms depending on the mode of operation.50 A pressure-
limited ventilator is one that delivers gas to a patient during in-
spiration until a preset pressure develops in the bellows, at which
point the expiratory phase begins. The disadvantage of pressure-
limited ventilation is that the tidal volume delivered to a patient
may decrease if respiratory compliance decreases during ventila-
tion. A volume-limited ventilator delivers a present tidal volume
(within the limits discussed earlier) without regard for the maxi-
mum inspiratory pressure (up to the preset maximum pressure
for the ventilator). Inspiratory pressure may increase if compli-
ance decreases during mechanical ventilation. Most anesthesia
ventilators have a maximum pressure limit during inspiration for
the safety of the patient, and that pressure limit varies with the
model of the ventilator. Ventilators that are used as volume-
limited units may truly be limited by time rather than by volume, and
that fact becomes apparent if the inspiratory flow rate is too slow.

Terminology of Mechanical Ventilation
Several abbreviations are used in the medical literature to de-
scribe various types of ventilation. Common abbreviations are in-
cluded and discussed in the following subsections.

IPPV (Intermittent Positive-Pressure Ventilation)
With IPPV, airway pressure is maintained above ambient pres-
sure during inspiration, and airway pressure falls to ambient
pressure to allow passive expiration.48 Conventional positive-
pressure ventilation (CPPV), also called control-mode ventila-
tion (CMV), is a form of IPPV in which a ventilator delivers a
preset tidal volume at a preset frequency.51 Assist-control-mode
ventilation (AMV) provides a preset tidal volume from the ven-
tilator in response to patient-initiated attempts to inspire; a preset
frequency of ventilation is delivered by the ventilator if the pa-
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Table 18.1. Classification and characteristics of some anesthesia ventilators

Drive Cycling Type of 
Ventilator Power Source Mechanism Mechanism Bellowsa Ventilation

Drager SAV (SA) Pneumatic Pneumatic Time-fluidic Ascend Control
Hallowell EMC 2000 (SA) Pneumatic and electronic Pneumatic Time-electronic Ascend Control
Mallard 2400 V (SA) Pneumatic and electronic Pneumatic Time-electronic Ascend Control
Metomatic (Ohio)-SA Pneumatic Pneumatic Time-fluidic Descend Assist/control
Ohmeda 7000 (SA) Pneumatic and electronic Pneumatic Time-electronic Ascend Control
ADS 1000 (SA) Pneumatic and electronic Pneumatic Time-electronic None Control
SAV 75 (SA) Pneumatic Pneumatic Time-pressure Ascend Assist/control
Drager AV (LA) Pneumatic and electronic Pneumatic Time-fluidic Descend Control
Narkovet Electronic LA Pneumatic and electronic Pneumatic Time-electronic Descend Control

Control Center
LAVC 2000 (LA) Pneumatic Pneumatic Time-pressure Descend Assist/control
Mallard 2800 (LA) Pneumatic and electronic Pneumatic Time-electronic Ascend Control

LA (large animal) and SA (small animal) indicate the primary use of the ventilator.
aBellows is described in reference to the direction of movement during expiration.



tient fails to initiate breathing.51 The term intermittent positive-
pressure breathing (IPPB) is synonymous with IPPV.

PEEP (Positive End-Expiratory Pressure)
With PEEP, airway pressure at end expiration is maintained
above ambient pressure. The term PEEP is applied when positive
pressure is maintained between inspirations that are delivered by
a ventilator.51 The term ZEEP, or zero end-expiratory pressure,
has been used in studies comparing the effects of PEEP with the
effects of ZEEP.52 In addition, some ventilators can create nega-
tive pressure to assist expiration or to speed the egress of gases
during the expiratory phase. This has been termed NEEP or neg-
ative end-expiratory pressure.

CPAP (Continuous Positive Airway Pressure)
When airway pressure is maintained above ambient pressure dur-
ing spontaneous breathing, the term CPAP is applied instead of
PEEP.51

IMV (Intermittent Mandatory Ventilation)
This method of ventilation is used for ventilatory support and for
weaning of patients from ventilators. The technique allows pa-
tients to breathe spontaneously, but it inserts mechanical breaths
at a preset tidal volume and frequency.51,52 Most veterinary anes-
thesia ventilators are not designed for delivering this form of ven-
tilation, and IMV is provided by critical care ventilators for
human patients. The periodic sigh that anesthetists provide man-
ually during spontaneous ventilation to expand the lung and de-
crease collapsed alveoli in anesthetized animals may be consid-
ered IMV.26

The terms assisted ventilation and controlled ventilation are
common in the veterinary literature. Assisted ventilation can be
performed manually by anesthetists, who synchronizes their
compression of the breathing bag with a patient’s spontaneous
breathing to augment the tidal volume.53 With a mechanical ven-
tilator, assisted ventilation is basically patient-initiated ventila-
tion, with the ventilator delivering the preselected tidal volume.
Since the patient determines the frequency of ventilation, it also
determines minute volume.54 Some veterinary ventilators can
provide assisted ventilation, delivering a tidal volume from the
bellows when a patient creates negative pressure at the initiation
of a breath.55

During controlled ventilation as defined earlier for CMV, in-
spiration is initiated by the ventilator and a preset respiratory rate
is maintained. The ventilator sets frequency, tidal volume, and
minute volume. Controlled ventilation is necessary in any situa-
tion that renders a patient unable to initiate an adequate number
of breaths. Essentially all anesthesia ventilators will operate in
this mode, and some operate only in this mode. Controlled ven-
tilation can be provided manually by an anesthetist using the
reservoir bag of the breathing system to establish both rate and
tidal volume, and thus minute volume, for the patient.53

The term assisted-controlled ventilation has been defined as
assisted ventilation (patient-controlled rate with ventilator-
controlled tidal volume) with a preset minimum acceptable res-
piratory rate; if the patient-initiated rate falls below the preset

rate, the ventilator will cycle at the minimum preset rate. This
mode is similar to AMV as defined earlier. The use of assisted-
controlled ventilation has been suggested for the transition pe-
riod between spontaneous and controlled ventilation.

Guidelines for Use
The controls on most anesthesia ventilators include settings for
tidal volume, inspiratory time, inspiratory pressure, respiratory
rate, and I-E ratio (either adjustable or preset). Other controls
may be present, but the four listed are basic. The following
guidelines have already been discussed, but will again be briefly
reviewed. The setting for tidal volume is usually between 10 and
20 mL/kg, and the inspiratory pressure is normally between 12
and 30 cm H2O. In small patients, the respiratory rate should be
set between 8 and 12 breaths/min, whereas the respiratory rate
for large animals should be set between 6 and 10 breaths/min. In
setting the ventilator, inspiratory time should be short in compar-
ison to expiratory time so that positive interpleural pressure will
minimally interfere with venous return and cardiac output.
Inspiratory time should be 1 to 1.5 s in small animals and prefer-
ably less than 3 s in large animals. Therefore, the I-E ratio should
be 1:2 or less (e.g., 1:3 or 1:4), depending on the respiratory rate.

Examples of Ventilators for Small Animals
Although not all-inclusive, the following discussion describes
ventilators that are appropriate for small animal patients. Some
of these ventilators were designed specifically to support anes-
thetized veterinary patients, whereas others were designed for
human use, but are applicable to veterinary patients. The classi-
fication, principles of operation, and other points about the gen-
eral function of each ventilator are included. Before operating a
ventilator, the user should consult the operation manuals and
follow all preuse evaluation procedures recommended by the
manufacturer.

Drager Small Animal Ventilator (SAV)
This ventilator (Fig. 18.44) was marketed as an optional compo-
nent for the Drager Narkovet 2 Anesthesia Machine, but was
available on a mobile stand (universal pole) specifically designed
for the ventilator.56 Presently, the ventilator is not being manu-
factured, but these ventilators remain in use for veterinary anes-
thesia. The SAV is classified as double circuit, tidal volume
preset, and time cycled, with an ascending bellows; it is pneu-
matically powered and has fluidic circuitry. The pressure of the
driving gas should be between 40 to 60 pounds per square inch
(psi). The controls include a power (“on-off”) switch, a tidal vol-
ume adjustment rod to set the attached plate within the bellows
housing to the selected tidal volume (200 to 1600 mL), a fre-
quency control knob (10 to 30 breaths/min), and an inspiratory
flow knob to control the rate of flow into the bellows housing to
drive the bellows. The inspiratory flow knob should be set so that
the bellows is fully compressed at the end of the inspiratory
phase; however, the bellows should not be deformed at the end of
inspiration. Deformation of the bellows at the end of inspiration
my indicate an increase in tidal volume by as much as 100 mL.
The inspiratory flow control setting affects the peak pressure that
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is achieved on inspiration and the inspiratory time. Higher inspi-
ratory flows produce shorter inspiratory times and tend to pro-
duce higher peak inspiratory pressures. The ratio of inspiratory to
expiratory time phase is preset to 1:2. This ventilator provides
only controlled ventilation. The ventilator relief valve behind the
bellows chamber compensates for the continuous entry of fresh
gases into the breathing system. Because the ventilator uses an
ascending bellows, the effect of gravity on the bellows maintains
a PEEP of approximately 2 cm H2O.

Before using the ventilator, the proper connections to the gas-
supply and scavenger system should be made, and the appropri-
ate preuse checkout procedures should be done for all equipment.
Assuming that the anesthesia machine, breathing system, and
ventilator are functional, the following is a reasonable step-by-
step approach to the operation of this ventilator with a circle
breathing system:

1. The tidal volume adjustment rod is set appropriately for the
patient.

2. Corrugated tubing from the ventilator’s breathing-hose termi-
nal is connected to the circle system’s reservoir-bag mount.

3. The circle system’s APL valve (adjustable pressure-limiting
or pop-off valve) is closed.

4. The ventilator’s power switch is turned on.
5. The frequency of ventilation is adjusted to approximately the

desired number of breaths per minute.
6. The inspiratory flow control knob is adjusted to produce the

desired inspiratory time to deliver the preset tidal volume.
7. Frequency of ventilation and inspiratory flow may need to be

readjusted to achieve the desired rate of breathing and inspi-
ratory time.

Hallowell EMC Model 2000 Small Animal Veterinary
Anesthesia Ventilator
This ventilator (Fig. 18.45) is designed for use with standard
small animal anesthesia machines and breathing systems, and the
connections to the breathing system, scavenger, and driving gas
are shown in Fig. 18.46.57 This ventilator is classified as double
circuit and time cycled with an ascending bellows; it is pneumat-
ically and electrically powered. The ventilator is essentially vol-
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Fig. 18.44. Drager SAV (small animal ventilator; front view). The as-
cending bellows and the bellows housing with the tidal volume
marked in milliliters are shown in the bottom of the photograph, and
the inspiratory-flow control knob (left), the frequency control knob
(center right), and the power switch (far right) are shown in the top of
the photograph.

Fig. 18.45. Hallowell EMC Model 2000 Small Animal Veterinary
Anesthesia Ventilator (front view). The bellows shown is the medium
sized for tidal volumes between 300 and 1600 mL, and the basic con-
trol knobs and alarm indicator light are on the front panel. Photograph
courtesy of W. Stetson Hallowell.



ume constant within the practical limits described earlier. The
ventilator is pneumatically driven and electronically controlled
by an electrically activated solenoid valve that allows gas pres-
sure to be supplied to the volume control during the inspiratory
phase of the ventilatory cycle. The ventilator’s power switch is
incorporated into the respiratory-rate control. Therefore, the ven-
tilator is on when the rate selector is turned from the off position
to the desired frequency of respiration (6 to 40 breaths/min). The
pressure of the driving-gas supply (either oxygen, nitrogen, or
clean dry air) should be regulated between 30 to 60 psi. This high
flow is necessary only for larger patients.

The control module of the ventilator has the following ad-
justable components: the on-off and respiratory-rate control
knob, a volume control knob, an inspiratory hold pushbutton,
and a maximum working pressure limit (MWPL) selector. The
ratio of inspiratory to expiratory time phase is preset at 1:2.
However, this ventilator is available with an optional adjustable
I-E ratio in the range of 1:1.5 to 1:4, enabling users to minimize
the inspiratory time when ventilating at a lower frequency of
ventilation. The volume control is a variable orifice-metering
valve that regulates the driving-gas flow, which compresses the
bellows. Basically, the volume control is used to set minute vol-
ume. It regulates the inspiratory flow rate directly, and a higher
inspiratory flow rate at any given respiratory rate will produce a
greater tidal volume. The inspiratory hold pushbutton interrupts
the ventilatory cycle and prevents discharge of gas from the bel-
lows housing until the button is released or the MWPL is
reached. The MWPL can be set between 10 and 60 cm H2O. If
the MWPL is reached at any time, the inspiratory phase of ven-
tilation is terminated and exhalation is allowed. Low breathing-
system pressure will be detected if pressure at the end of inspi-
ration is less than 5 cm H2O, and a red warning light will
illuminate and an alarm will sound indicating the possibility of
a disconnection of the patient circuit from the ventilator. This

ventilator provides for controlled ventilation; assisted ventila-
tion is not an option.

Three sizes of interchangeable bellows and bellows housings
are available to enable various sizes of patients to be ventilated
effectively (Fig. 18.47). With the proper bellows, the manufac-
turer indicates that tidal volumes as small as 20 mL and as large
as 3 L can be delivered and that the patient can effectively
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Fig. 18.46. Hallowell EMC Model 2000 Small Animal Veterinary
Anesthesia Ventilator (rear view). Note the connectors on the bellows
housing for the breathing system, scavenger system (exhaust), and
driving gas. Photograph courtesy of W. Stetson Hallowell.

Fig. 18.47. Hallowell EMC Model 2000 Small Animal Veterinary
Anesthesia Ventilator (front view). The bellows shown is the largest
one for tidal volumes between 0 and 3000 mL. The basic control
knobs and alarm indicator light are on the front panel. Photograph
courtesy of W. Stetson Hallowell.



breathe spontaneously from the bellows when the ventilator is
not in operation. The ventilator relief valve compensates for the
continuous entry of fresh gas into the breathing system, and the
resistance of the relief valve creates a PEEP of 2 to 3 cm H2O.

Before using the ventilator, connections to the gas-supply and
scavenger system should be made, and the appropriate preuse
checkout procedures should be done. Assuming proper function
of the anesthesia machine, breathing system, and ventilator, the
following is a reasonable operational approach for this ventilator
with a circle breathing system:

1. The MWPL selector (Fig. 18.45) is set to the desired maxi-
mum pressure (safety limit), and the pressure transducer (Fig.
18.46) is connected to the breathing system according to the
manufacturer’s recommendations.

2. Corrugated tubing from the ventilator’s breathing system
connector is attached to the circle system’s reservoir-bag
mount, and the ventilator is attached to the scavenger system.

3. The circle system’s pop-off (APL) valve is closed.
4. The ventilator’s volume control is adjusted to the minimum

setting.
5. The ventilator’s power-rate switch is turned on, and the de-

sired frequency of ventilation is set.
6. The volume control knob is adjusted to produce a flow of gas

during inspiration that produces the desired tidal volume
and/or peak inspiratory pressure.

7. During maintenance, the minute volume is adjusted with the
volume control, and the rate control can be used to adjust the
size of each tidal volume.

Mallard Medical Model 2400V Anesthesia Ventilator
This ventilator58 (Fig. 18.48) was originally designed to allow
continuous mechanical ventilation of anesthetized pediatric and
adult human patients. It is sold to veterinarians as a stand-alone
unit for use with breathing system and anesthesia machine.
Classified as a double-circuit ventilator, it has electric and pneu-
matic power sources. The ventilator is controlled by a micro-
processor, and the manufacturer describes the ventilator as elec-
tronically time cycled and volume limited. The tidal volume is
selected by limiting the upward expansion of the bellows. Tidal
volume is adjusted by moving a cylinder within the bellows
housing to coincide with the desired setting in milliliters, and the
cylinder within the bellows housing is secured by a control knob
(nut) located on the top center of the housing. This ventilator em-
ploys an ascending bellows. The bellows is pneumatically driven,
and the ventilator operates at a pressure of 50 ± 10 psi.

The controls are positioned on a console, which is located
below the bellows housing. A master on/standby/off switch is
present in the right lower corner of the console’s front panel; the
standby mode allows preselection of respiratory rate and inspira-
tory time, and the I-E ratio is computed and displayed digitally
on light-emitting diode (LED) displays before mechanical venti-
lation is initiated. Respiratory rate and inspiratory time are con-
trolled by ten-turn potentiometers to allow selection of 2 to 80
breaths/min (respiratory rate) and 0.1 to 3.0 s (inspiratory time),
respectively. The I-E ratio display shows the relationship of in-

spiratory time to expiratory time, giving inspiratory time a value
of 1. A black control knob located in the lower left portion of the
front panel allows adjustment of inspiratory flow rate (10 to 100
L/min), and a display gauge near the control knob indicates
whether the flow being used is low, medium, or high. A green
pushbutton is located in the front center portion of the control
console; this button activates inspiration as long as the button is
pushed in. This button can be used to maintain mechanical ven-
tilation in the event of a power failure and can be used to sigh the
patient.

Two sizes of bellows are available. The adult bellows provides
tidal volumes ranging from 200 to 2200 mL; the pediatric bel-
lows produces volumes ranging from 50 to 300 mL. An exhala-
tion valve assembly is located on the back of the control console.
This valve is closed pneumatically during the inspiratory phase
of ventilation, and it opens automatically during the expiratory
phase. Excess gas from the patient circuit exits through this valve
to prevent the buildup of excessive pressure. The post (19 mm) of
this valve should be attached to a scavenger system for elimina-
tion of waste gases from the working environment. With an as-
cending bellows, PEEP (usually 2 or 3 cm H2O) will be present.
In addition, PEEP of up to 20 cm H2O can be added to the sys-
tem with the control knob of the optional PEEP valve. Also, an
adjustable overpressure relief valve within the console is preset
to 80 cm H2O, and this limits the maximum pressure that can be
developed in the patient breathing circuit. Externally, this pres-
sure can be adjusted from 20 to 100 cm H2O. This ventilator has
audible alarms if the ventilator fails to cycle or if an electric
power failure occurs. In addition, the LED displays will indicate
selection of an inverse I-E ratio, failure of the ventilator to cycle,
and low supply-gas pressure (<30 psi).

Before using the ventilator, the proper connections to the gas-
supply and scavenger system should be made, and the appropri-
ate preuse checkout procedures should be done for all equipment.
Assuming proper function of the anesthesia machine, breathing
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Fig. 18.48. Mallard 2400V Small Animal Anesthesia Ventilator. The
bellows is collapsed on the floor of the bellows housing. The tidal vol-
ume control is set at approximately 1600 mL. The control knobs on
the console are described in the text.



system, and ventilator, the following is a reasonable operational
approach for this ventilator with a circle breathing system:

1. Prior to clinical applications, refer to the operation manual
for instructions and conduct performance verification proce-
dures.

2. Select the appropriate control settings for the tidal volume by
limiting the upward expansion of the bellows.

3. Place the master switch in the standby mode and dial the de-
sired settings for the respiratory rate and the inspiratory time,
based on the patient’s needs.

4. Set the inspiratory flow control to the desired rate of flow—
low, medium, or high—depending on the needs of the patient.

5. Connect the corrugated tubing from the ventilator’s bellows
to the circle system’s reservoir-bag mount and attach the ven-
tilator to the scavenger system.

6. Close the circle system’s pop-off (APL) valve.
7. Set the master switch to the on position.
8. The ventilator should cycle according to the selected settings,

and only minor adjustments should be necessary (i.e., slight
alterations in inspiratory time).

Metomatic Veterinary Ventilator
This ventilator is shown in Figs. 18.49 and 18.50. This unit was
designed to ventilate anesthetized small animals being main-
tained with circle breathing systems. The ventilator is no longer
being manufactured, but many units are still in operation in vet-
erinary hospitals.

This ventilator is classified as double circuit and time cycled,
with fluidic circuitry and a descending bellows. Within the limits
of the definitions, it can be used as a volume-preset ventilator or
as a pressure-limited ventilator. The ventilator is powered pneu-
matically and will function properly with an oxygen-supply pres-
sure to 45 to 55 psi.

Controls (Fig. 18.50) for this ventilator are as follows:59,60

power (on-off) switch, tidal volume control, inspiratory flow-rate

control, expiratory time control, expiratory flow-rate control, in-
spiratory hold pushbutton, and inspiratory trigger-effort control.
The power switch controls a valve that supplies pneumatic power
(oxygen at 50 psi) to the ventilator. The tidal volume control ad-
justs the bellows from 0 to 1400 mL. The inspiratory flow-rate
control regulates the rate of delivery of gas from the bellows to
the patient during inspiration and is adjustable from 20 to 70
L/min. The inspiratory pressure control sets the maximum pres-
sure that can be delivered to the patient circuit during inspiration,
up to 40 cm H2O; pressure is adjustable from 10 to 40 cm H2O.
The expiratory time control adjusts the time between the end of
one inspiratory phase of respiration and the beginning of the next
and can be varied from less than 1 to at least 12 s; essentially, it
is a setting for respiratory rate although rate is influenced to some
degree by other controls. The expiratory flow-rate control allows
variation in the rate at which the bellows descends to the fully ex-
tended position and is adjustable from 15 to 100 L/min. The in-
spiratory hold pushbutton allows the initiation of inspiration at
any point during the respiratory cycle by depressing and imme-
diately releasing the button. If the pushbutton is depressed and
held, inspiration will be initiated, and the bellows will remain at
the end-inspiratory position until the button is released. The in-
spiratory trigger-effort control sets the sensitivity of the ventila-
tor to the negative pressure produced by the patient’s inspiratory
effort. The setting can be low, which would require only a slight
negative pressure to initiate a cycle, or high, which prevents the
patient from triggering inspiration; the setting is adjustable from
�0.5 to �5.0 cm H2O. Many of these ventilators were equipped
with a patient circuit pressure gauge (manometer) mounted on
top of the bellows housing. This ventilator can be set to provide
controlled or assisted ventilation.

The ventilator provides a relief valve (pop-off valve) to allow
the escape of excess gases that are delivered to the patient circuit.
Generally, the pressure in the patient circuit returns to zero at end
expiration, since a descending bellows is employed.

Four modes of ventilation can be employed with this ventilator:
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Fig. 18.49. Metomatic Veterinary Ventilator. The ventilator’s bellows
is connected by a corrugated breathing tube to the reservoir-bag port
of the circle breathing system to enable controlled ventilation.
Anesthesia was maintained with halothane in oxygen in this dog.

Fig. 18.50. Control panel of a Metomatic Veterinary Ventilator. The
function of the various controls of this ventilator are discussed in 
the text.



1. Controller, volume controlled and pressure limited. The rate
and pattern of respiration are controlled by the ventilator. The se-
lected tidal volume is delivered as long as inspiratory pressure
does not exceed 40 cm H2O. If the pressure limit is reached be-
fore the entire tidal volume is delivered, inspiration will cease.

2. Controller, pressure controlled and volume limited. The rate
of ventilation is controlled by the ventilator. The ventilator deliv-
ers gas to the patient until the preset pressure limit is reached or
until the contents of the bellows are fully discharged. Since tidal
volume is affected by pressure, changes in airway resistance and
compliance of the lungs can alter tidal volume.

3. Assistor-controller, volume controlled and pressure limited.
The respiratory cycle is initiated by any spontaneous inspiratory
effort on the part of the patient. The minimum frequency of ven-
tilation is set by the ventilator, and if the patient fails to initiate
the preset number of breaths, the ventilator will cycle at the min-
imum frequency. The preset tidal volume is delivered unless the
inspiratory pressure reaches 40 cm H2O, at which point inspira-
tion will cease.

4. Assistor-controller, pressure controlled and volume limited.
The respiratory cycle is initiated by spontaneous inspiratory ef-
forts, and the minimum frequency is set by the ventilator. The
patient may initiate a faster rate of respiration. The ventilator de-
livers gas to the patient until a preset pressure is reached or until
the bellows is fully discharged. The tidal volume will be affected
significantly by changes in compliance of the lung and airway
resistance.

When using the Metomatic ventilator, the first mode (con-
troller, volume controlled and pressure limited) is most fre-
quently used. Before using the ventilator, the proper connections
to the gas-supply and scavenger system should be made, and the
appropriate preuse checkout procedures should be done.
Assuming that the anesthesia machine, breathing system, and
ventilator are functional, the following is a step-by-step ap-
proach to the operation of the ventilator with a circle breathing
system:

01. Select the desired tidal volume.
02. Set the inspiratory trigger-effort control to a high setting,

but not to the maximum.
03. Turn the inspiratory pressure control to a high setting (the

maximum setting or high enough to assure that the bellows
will deliver a complete tidal volume).

04. Set the inspiratory flow-rate control to a midrange setting.
After the ventilator is in use, this control will be reset to de-
liver the tidal volume in approximately 1 to 1.5 s.

05. Set the expiratory flow rate to a midrange setting. This set-
ting can be refined after the ventilator is in use; a setting is
usually employed that will not impede ventilation.

06. Set the expiratory time control to a midrange setting. This
control should be reset to allow the appropriate frequency
of ventilation after the ventilator is in use.

07. Connect the corrugated tube from the ventilator’s bellows to
the circle system’s reservoir-bag port.

08. Close the pop-off (APL) valve of the circle.
09. Turn the power switch on.

10. Observe the character and rate of ventilation, and refine the
adjustments of the various controls. Usually, inspiratory
flow rate is adjusted first, followed by frequency or expira-
tory time, and expiratory flow rate.

Ohmeda 7000 Electronic Anesthesia Ventilator
The Ohmeda 7000 (Fig. 18.51) is a double-circuit ventilator with
a pneumatically driven ascending bellows. The ventilator is elec-
tronically controlled with a preset minute volume. It is specifi-
cally designed as an anesthesia ventilator and can be fitted with
either an adult or a pediatric bellows, and its application in
human anesthesia has been described.50,54,61 This ventilator and
upgraded models are available for use in human patients54 and
are readily applicable to small animal anesthesia. The control
module (Fig. 18.51) has six controls, including the minute vol-
ume dial (2 to 30 L/min with the adult bellows and 2 to 12 L/min
with the pediatric bellows), the respiratory-rate dial (6 to 40
breaths/min), the I-E ratio dial (1:1, 1:2, and 1:3), power (on-off)
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Fig. 18.51. Ohmeda 7000 Ventilator. The control module is shown
with six controls on the left two-thirds of the panel and six warning
indicators on the right two-thirds of the panel. This ventilator is
equipped with a pediatric bellows assembly (0 to 300 mL for tidal
volume).



switch, the sigh switch (to provide a “sigh” equal to 150% of the
tidal volume once every 64 breaths), and a manual cycle button
(used to manually initiate a ventilatory cycle only during the ex-
piratory phase). The scale on the bellows housing ranges from
100 to 1600 mL on the adult bellows and from 0 to 300 mL on
the pediatric bellows. The bellows assembly exhaust port is 19
mm OD, the connection to the anesthesia machine is 22 mm, and
there is a high-pressure (50 psi) diameter index safety system
(DISS) fitting for an oxygen line for the driving-gas circuit. The
control module of the ventilator computes tidal volume, inspira-
tory time, expiratory time, and inspiratory flow based on the set-
tings of the various control dials. The bellows should be fully dis-
tended (starts at the zero mark on the bellows housing scale)
before inspiration begins.

The driving-gas supply is oxygen at 50 psi, which is reduced
to 38 psi by a precision regulator within the ventilator; the gas
line with the reduced pressure connects to a manifold of five so-
lenoids. Electronic controls regulate the solenoid valves to de-
liver flows in 2-L/min increments from 4 to 60 L/min. Based on
control settings, a precise volume of gas (equal to the tidal vol-
ume) is delivered to the bellows chamber to drive the bellows
during the inspiratory phase, which forces gas from the bellows
into the patient circuit. Flow stops when the full tidal volume has
been delivered. A high-pressure relief valve opens at a pressure
of 65 cm H2O if such pressures should occur. During the expira-
tory phase, gas from the patient circuit (flow from the anesthesia
machine) enters the bellows. The ventilator relief opens when the
bellows is fully distended and a pressure of 2.5 cm H2O has been
exceeded; excess gas from the patient circuit is vented into the
scavenger system.

The manufacturer recommends a bellows assembly-leak test.
With the ventilator attached to a circle breathing system with the
breathing system’s pop-off valve closed, the Y piece occluded, all
fresh gas flow off, and the bellows filled from the anesthesia ma-
chine’s oxygen-flush valve, the bellows should drop no more
than 100 mL/min. If a significant leak is present, the ventilator
should not be used until the leak is sealed. If the anesthesia ma-
chine, breathing system, and ventilator are all in proper working
order as indicated by preuse checkout procedures, the following
guidelines are appropriate for use of the ventilator:

1. Properly connect the electric and pneumatic power sources
for the ventilator.

2. Using the control dials, set the desired values for minute vol-
ume, respiratory rate (frequency), and I-E ratio.

3. Make the appropriate connections from the ventilator bellows
to the circle system’s reservoir-bag port and to the scavenger
system.

4. Close the pop-off (APL) valve of the circle system.
5. Be sure that the bellows is completely filled with oxygen-

anesthetic mixture.
6. Switch the power control to on.
7. Make final adjustments in minute volume and respiratory rate

to meet the needs of the patient.

The next generation of ventilators from Ohmeda is the 7800 se-
ries of ventilators. The 7800 is available as a stand-alone unit and

potentially could be applied to small animal patients. The ventilator
is classified as electronically controlled, pneumatically driven, and
tidal volume preset, and can accurately deliver tidal volumes of 50
to 1500 mL. A major difference between the 7000 and 7800 series
is that tidal volume, rather than minute ventilation, is selected by
the operator, which appears to be a significant advantage.61

Vet-Tec Small Animal Ventilator (SAV-75)
This ventilator is designed for use in small animal anesthesia.62

The bellows is designed to ascend on expiration and is pneumat-
ically driven by a Bird ventilator. Used without a bellows, Bird
ventilators are classified as single-circuit ventilators, but the
SAV-75 performs as a double-circuit unit. This ventilator can be
used for ventilation in assist, control, or assist-control modes.
When the system is operating, the Bird ventilator supplies gas to
pressurize the space between the bellows and the bellows hous-
ing (canister) to force the bellows downward, which delivers
gases from the bellows through the interface hose (corrugated
breathing tube) to the breathing system. The controls on the Bird
ventilator include inspiratory pressure, inspiratory flow rate, ex-
piratory time (apnea control), and inspiratory sensitivity. In addi-
tion, a manometer, a hand timer (push-pull mechanism), and a
DISS connector for the source of pneumatic power are prominent
features of the ventilator. Inspiratory pressure can be varied to a
maximum of 60 cm H2O, inspiratory sensitivity from �0.5 to
�5.0 cm H2O, expiratory time to produce 4 to 60 controlled
breaths/min, and inspiratory flow to a maximum of 70 L/min.
Safety relief occurs on inspiration if a pressure of 65 cm H2O de-
velops. The pneumatic power source should be delivered to the
ventilator inlet at 50 psi. The bellows can deliver a tidal volume
of up to 2000 mL. Inspiration can be started or stopped by use of
the hand timer. The Bird ventilator is time cycled unless the
push-pull manual cycling rod is pulled out, causing the ventilator
to be pressure cycled.55 Figure 18.52 shows a Bird ventilator.

Before using the SAV-75 ventilator for controlling ventilation
during anesthesia, the power-supply and scavenger system
should be connected, and the appropriate preuse checkout proce-
dures should be done for all equipment. Assuming proper func-
tion of the anesthesia machine, breathing system, and ventilator,
the following is a reasonable operational approach for the venti-
lator with a circle breathing system in the control mode:

1. Set the inspiratory sensitivity control to a high setting to
eliminate the possibility of patient-initiated ventilation.

2. Set the inspiratory pressure control to the range of 15 to 20
cm H2O and readjust the setting to achieve the desired tidal
volume after steps 5 and 6 have been completed.

3. Connect the corrugated hose (interface hose) from the venti-
lator’s bellows to the reservoir-bag port of the circle system.

4. Close the pop-off (APL) valve of the circle system. At this
point, the bellows may need to be filled by increasing the
flow of oxygen to the patient circuit (oxygen flowmeter of the
anesthesia machine).

5. Turn the inspiratory flow control on to start the ventilator and
set the flow control to deliver a tidal volume in approximately
1 to 1.5 s.
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6. Set the expiratory time control to establish a respiratory rate
appropriate for the patient, often 8 to 12 breaths/min.

7. For final settings, the operator should understand that there
are interactions between the controls on a Bird ventilator
(e.g., changing inspiratory flow may affect respiratory rate).

ADS 1000 Veterinary Anesthesia Delivery System and
Critical Care Ventilator
This microprocessor-controlled ventilator is marketed either for
use with a vaporizer or for patients not requiring an anesthetic
(e.g., critical care patients).63 The ventilator-anesthesia system
(Fig. 18.53) functions as a nonbreathing circuit, does not incorpo-
rate a bellows assembly, and does not include a canister for chem-
ical absorbent to eliminate carbon dioxide. It is not intended for
connection to another breathing system. Based on the patient’s
body weight, the microprocessor determines the values for the
various ventilatory parameters to be provided by the ventilator.

This ventilator fits into the single-circuit class and is powered
electrically and pneumatically. According to the operation man-
ual, the ventilator must be supplied with oxygen at a pressure of
50 psi for the display to report the minute volume per kilogram
of body weight accurately for the patient. Little published infor-
mation other than testimonials is available about the clinical ef-
fectiveness of this ventilator system, but in vitro performance
with a test lung has been studied.64 The performance of the ven-
tilator system in vitro changed across the range of body weights
(1 to 20 kg) included in the study. Overventilation occurred at

body weights less than 4 kg, and underventilation was evident at
body weights greater than 8 kg. The authors concluded that the
ventilator could support ventilation, but the displayed parameters
did not always accurately reflect the actual performance of the
ventilator.

The front panel of the ventilator has the following controls and
components (Fig. 18.53): power switch, mask-mode switch, set-
run switch, weight-selection buttons, fill-hold button, breathe
button, display for various ventilatory parameters with adjust-
ments for these parameters below the display, and two ports for
attachment of corrugated breathing tubes. Before attempting 
to use the ventilator, the operator should read the manual sup-
plied by the manufacturer. The following is a summary of the
manufacturer’s guidelines for operating the ventilator, but is not
intended to replace or supplant the manual supplied for the ven-
tilator:

1. Connect the green oxygen hose on the back of the ventilator
to an oxygen source (50 psi).

2. Attach the breathing tubes to the breathing-circuit ports on
the front of the ventilator.

3. Connect the scavenger out port on the back of the ventilator
to the hospital scavenger system.

4. Connect the electric cord to the 120-VAC–1.5-amp port on
the back of the ventilator to an electric outlet.

5. Attach the vaporizer connectors to the appropriate ports on
the back of the ventilator.

6. Allow the ventilator to complete the self-diagnostic test de-
scribed in the operator’s manual. The test will help to deter-
mine failure of the safety pop-off valve, inadequate oxygen
supply, and the presence of leaks.

7. After diagnostics are complete, the mask function should be
off and the set-run switch should be in the set position. The
display will then show settings for a 20-kg patient (minute
volume of 24 L/min, 9 breaths/min, peak inspiratory pressure
of 15 cm H2O, and the assist mode in the off position).
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Fig. 18.52. A Bird Mark 7 Ventilator. The inspiratory-sensitivity con-
trol is on the left end of the ventilator, the inspiratory-pressure limit is
on the right end, the driving gas inlet is on the top, and the manome-
ter, inspiratory-flow control, air-mix selector, and expiratory-time con-
trol are on the front panel of the ventilator. From Lumb and Jones.72

Fig. 18.53. ADS 1000 Veterinary Anesthesia Delivery System and
Critical Care Ventilator. The ports for the breathing hoses are located
on the right side of the ventilator, and the controls for the ventilator
are located on the front panel of the console.



8. Using the weight-up or weight-down button, enter the correct
weight of the patient in kilograms into the display, and the
ventilator will automatically set the ventilatory parameters
based on the patient’s weight. Ventilation will be completely
controlled (the default setting for assist is off).

Once these steps are completed, the patient should be anes-
thetized and intubated with a cuffed endotracheal tube. The Y
piece connecting the breathing tubes should be attached to the
endotracheal tube connector, and the vaporizer should be set ap-
propriately. The ventilator’s set-run switch should be set to run.
Controlled ventilation should begin.

Examples of Ventilators for Large Animals
Although not all-inclusive, the following discussion includes de-
scriptions of ventilators that are appropriate for use during anes-
thesia in large animal patients. Classification, principles of oper-
ation, and function are discussed.

Drager Large Animal Anesthesia Ventilator
This ventilator (Fig. 18.54) is included as a part of the
Narkovet-E Large Animal Anesthesia Machine; the entire sys-
tem is called the Narkovet-E Large Animal Anesthesia Control
Center. The ventilator was not marketed as a stand-alone unit
for large animal anesthesia. Although they are no longer being
manufactured, some of these ventilator-anesthesia machine
combinations remain in use in veterinary hospitals. The venti-
lator is powered pneumatically, generally at a pressure of 50
psi.65 It is classed as double circuit, tidal volume preset, time
cycled, and pneumatically driven with a descending bellows,
and it uses fluidic circuitry. The controls include an on-off
switch, a tidal volume control with a scale of 4 to 15 L on the
bellows housing, a frequency control (6 to 18 breaths/min), and
a flow control knob that determines inspiratory flow (a combi-
nation of flow and maximum pressure being delivered to the
bellows compartment); the manufacturer recommends that 
the flow setting be adjusted so that the bellows always reaches
the upper stop. The inspiratory to expiratory time ratio of 1:2 is
preset.

Before using the ventilator, the proper connections to the gas-
supply and scavenger system should be made, and the appropri-
ate preuse checkout procedures should be done. The instruction
manual for ventilators includes a standard preuse check for the
ventilator.65 The following is a logical approach to the operation
of the ventilator with a circle breathing system:

1. Connect the compressed-air-supply hose to the ventilator.
2. Adjust the tidal volume control to the appropriate setting for

the patient and ensure that the self-locking mechanism is en-
gaged to prevent inadvertent movement of the bellows stop
plate during use.

3. Attach the corrugated breathing hose from the bellows to the
reservoir-bag port of the circle system.

4. Close the pop-off (APL) valve on the circle system.
5. Turn the power switch on.
6. Adjust the frequency control knob to the desired respiratory

rate.

7. Adjust the flow control knob so that the bellows reaches the
upper stop at end inspiration. If the bellows does not return to
its original position during expiration (usually indicative of a
leak in the patient circuit), the bellows can be filled by using
a higher flow from the oxygen flowmeter, and the leak should
be corrected.

Narkovet-E Electronic Large Animal Control Center
This is a combination of Drager’s Narkovet E-2 Large Animal
Anesthesia System (anesthesia machine and circle breathing sys-
tem) with a Drager AV-E ventilator (Figs. 18.55 through 18.57).
The ventilator is not available as a stand-alone unit for large an-
imals and is no longer being manufactured, but machines are still
in use. The ventilator is classified as double circuit, tidal volume
preset, and time cycled, with a descending bellows. The ventila-
tor is electronically controlled and pneumatically driven. It is
powered electrically (120 VAC) and pneumatically (40 to 60 psi
with oxygen, but air is an option).66 The controls (Figs. 18.55 and
18.57) include an on-off switch, a self-locking knob located
below the bellows assembly to control the tidal volume (4 to 15
L), a thumbwheel controller-indicator switch to adjust the respi-
ratory rate (frequency control from 1 to 30 breaths/min), a flow
control setting to determine the inspiratory flow rate, and the
inspiratory-expiratory phase time ratio control (a thumbwheel
indicator-controller to adjust the I-E ratio in increments of 0.5
from 1:1 to 1:4.5). The manufacturer recommends that the flow
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Fig. 18.54. Narkovet-E Large Animal Anesthesia Control Center: the
ventilator’s bellows and the bellows housing with tidal volume mark-
ing (4 to 15 L), with the large animal circle system on the left and the
reservoir bag for the circle breathing system on the right. The controls
for the ventilator are on the panel above the bellows housing at the
top of the unit.



control knob be adjusted so that the bellows always reaches the
upper stop of inspiration. The ventilator provides for controlled
ventilation; assisted ventilation is not an option.

Before using the ventilator, the proper connections to the gas-
supply and scavenger system should be made, and the appropri-
ate preuse checkout procedures should be done. The instruction
manual for the ventilator includes a standard preuse checklist.
The following is a step-by-step approach to the operation of the
ventilator with a circle breathing system:

1. Connect the gas supply (oxygen hose) to the anesthesia ma-
chine and ventilator.

2. Adjust the tidal volume control to the appropriate setting for
the patient and ensure that the self-locking mechanism is en-
gaged to prevent inadvertent movement of the bellows stop
plate.

3. Select the desired frequency of ventilation.
4. Select the desired I-E ratio.
5. Attach the corrugated breathing hose from the bellows to the

reservoir-bag port of the circle system.
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Fig. 18.55. Narkovet-E Electronic Large Animal Control Center: the
bellows and bellows housing with markings for tidal volume (4 to 15
L), the corrugated breathing hose from the bellows to the circle sys-
tem (behind the bellows housing), and the self-locking knob or wheel
(bottom center) for selection of tidal volume. In addition, the controls
for the ventilator and anesthesia machine (top of the photograph) are
included and are shown in detail in Fig. 18.56.

Fig. 18.56. Narkovet-E Electronic Large Animal Control Center: the
control panel for the ventilator is on the left of the photograph. The
power switch in the off position is directly under the thumbwheel con-
troller-indicator switch for frequency (respiratory rate) selection on the
left of the panel. The thumbwheel controller-indicator switch for inspi-
ratory-expiratory ratio selection is on the right of the panel, with the
inspiratory flow control directly above it. Some of the basic parts of
the anesthesia machine, including the flowmeters (center of the pho-
tograph) for oxygen and nitrous oxide, the halothane vaporizer, and
the flush valve (bottom left), are present.

Fig. 18.57. Narkovet-E Electronic Large Animal Control Center: the
top of the bellows and the bellows housing, with an elbow connect-
ing the bellows to the corrugated breathing tube, which attaches to
the reservoir port of the circle breathing system. To the left of the
elbow is the overflow valve from the bellows, which is connected to
the scavenger system from the ventilator when the ventilator is in use.
The clear, small-diameter tubing attached to the pop-off valve is part
of the mechanism for closing the pop-off valve during the inspiratory
phase of controlled ventilation.



6. Close the pop-off (APL) valve on the circle system.
7. Turn the power supply switch on.
8. Adjust the flow control knob so that the bellows reaches the

upper stop at end inspiration. If the bellows does not return to
its original location during expiration, it can be filled by in-
creasing the flow from the oxygen flowmeter.

Mallard Medical Rachel Model 2800 Anesthesia
Ventilator
This ventilator (Fig. 18.58) is a microprocessor-based, electronic
control system that facilitates controlled ventilation in large ani-
mals being maintained on circle breathing systems (R. Pearson,
personal communication, Mallard Medical, Irvine, CA).58 The
ventilator is designed to interface with currently available large
animal circle systems. The stand for the ventilator and the bel-
lows is designed for the attachment of a circle breathing system
and at least two vaporizers for inhalant anesthetics, and it has
shelves to accommodate physiological monitoring devices.

Most of the functional considerations for the Model 2800 are

similar to those for the Model 2400V. The control console for the
2800 is located above the bellows housing instead of below the
housing as it is in the 2400V, and LED displays are employed as
they are in the 2400V. The ventilator is controlled by a micro-
processor, but the pneumatics have been modified for generation
of greater inspiratory flows, which are adjustable from 10 to 600
L/min. The bellows is inverted and ascends during expiration,
and two sizes of bellows are available (3 and 21 L), allowing the
selection of appropriate tidal volumes for patients with a wide
range of body weights. Like other ventilators with inverted bel-
lows, the Model 2800 produces PEEP because of the effect of
gravity on the bellows. However, the amount of PEEP is con-
trolled by a pneumatic vacuum pump on the 2800: the pump cre-
ates negative pressure between the bellows and the bellows hous-
ing during the expiratory phase of ventilation and functions to
reduce the level of PEEP according to the adjustments made by
the operator. An ambient end-expiratory pressure may be
achieved.

Before using the ventilator, the proper connections to the gas
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Fig. 18.58. Mallard Medical Rachel Model
2800 Large Animal Anesthesia Ventilator:
the ventilator with a Matrx circle system at-
tached (left side). The corrugated breathing
hose that exits the bellows below the bel-
lows housing is attached to the reservoir-
bag port of the circle system. The control
console for the ventilator is located at the
top of the photograph. The controls for the
2800 are similar to those shown in Fig.
18.48 for the Model 2400V.



and electric power supplies and the scavenger system should be
made, and the appropriate preuse checkout procedures should be
done for all equipment. The following is a reasonable operational
approach for the Model 2800 ventilator with a circle breathing
system:

1. Place the master switch in the standby mode and dial the de-
sired settings for respiratory rate and inspiratory time, ac-
cording to the patient’s needs.

2. Set the inspiratory flow control to the desired rate of flow—
low, medium, or high—depending on the patient’s needs
(typically in the high range for large animals).

3. Connect the corrugated tubing from the ventilator’s bellows
to the circle system’s reservoir-bag mount and the ventilator
exhalation port to the scavenger system.

4. Close the circle system’s pop-off (APL) valve and release the
ventilator’s bellows. Ensure that the bellows is fully inflated
and positioned at zero.

5. Turn the master switch on, and inspiration should begin.
6. If the bellows does not return to zero during the expiratory

phase, the bellows can be filled with flow from the oxygen
flowmeter. Alternately, the bellows can be filled with the
flush valve, but the anesthetic concentration in the breathing
circuit will be reduced any time this is done.

7. The inspiratory time can be adjusted to produce the appropri-
ate tidal volume for the patient.

8. Finally, the PEEP control is adjusted to set the desired end-
expiratory pressure.

Vet-Tec Model 3000 Large Animal Anesthesia Ventilator
This is a large animal anesthesia ventilator designed for use in
equine and bovine practices.67 A similar ventilator in combina-
tion with a large animal anesthesia machine (Model 2000 Large
Animal Anesthesia Machine and Ventilator) is also available.67

The ventilator system has been described as a “bag-in-a-barrel”
powered by a Bird ventilator.35 The LAVC-2000 and the LAVC-
3000 systems can be converted to a 5-L system for use in foals
by adding a 5000-mL bellows and a canister (bellows housing)
insert. Numerous variations of these ventilator-anesthesia ma-
chine combinations were possible, because the manufacturer
would customize the unit upon request. The bellows in this ven-
tilator system is driven by a modified Bird Mark 7 ventilator.
Used without a bellows, the Bird Mark 7 is classed as a single-
circuit ventilator, but the LAVC ventilator system is double cir-
cuit and has been classified as a pressure-preset ventilator.35 The
ventilator has been produced with a descending bellows, but lit-
erature from the manufacturer indicates the availability of an in-
verted bellows. The Bird ventilator is pneumatically powered.
This ventilator system can be used for ventilation in assist, con-
trol, or assist-control modes. When the system is operating, the
Bird ventilator supplies gas to pressurize the space between the
bellows and the bellows housing (canister) to force the bellows in
an upward motion delivering gases from the bellows, through the
interface hose, to the breathing system.

The controls on a Bird Mark 7 (Fig. 18.52) include inspiratory
pressure, inspiratory flow rate, expiratory time (apnea control),

and inspiratory sensitivity. In addition, a manometer, a hand
timer (push-pull mechanism), and a DISS connector for the
source of pneumatic power are prominent features of the ventila-
tor. With the modified Bird Mark 7, inspiratory pressure can be
varied from 5 to 65 cm H2O, inspiratory sensitivity from �0.5 to
�5 cm H2O, expiratory time from 5 to 15 s, and inspiratory flow
from 0 to over 450 L/min. The pneumatic power source should
be delivered to the inlet of the ventilator at 50 psi. The bellows
can deliver a tidal volume of up to 20 L. Inspiration can be started
or stopped by use of a hand timer. The Bird Mark 7 is a time-
cycled ventilator unless the push-pull manual cycling rod is
pulled out, which causes the ventilator to be pressure cycled.55

Before using the Model LAV-3000 ventilator for controlling
ventilation during anesthesia, the power-supply and scavenger
system should be connected, and the appropriate preuse checkout
procedures should be done for all equipment. The following is a
reasonable operational approach for the ventilator with a circle
breathing system in the control mode:

1. Set the inspiratory sensitivity control to a high setting to
eliminate the possibility of patient-initiated ventilation.

2. Set the inspiratory pressure control to the range of 20 to 30
cm H2O and readjust the setting to achieve the desired tidal
volume after steps 5 and 6 have been completed.

3. Connect the corrugated hose (interface hose) from the bel-
lows to the reservoir-bag port of the circle system.

4. Close the pop-off (APL) valve of the circle system. Then, the
bellows may need to be filled by increasing the flow of oxy-
gen to the patient circuit (oxygen flowmeter on the anesthe-
sia machine).

5. Turn the inspiratory flow control on to start the ventilator and
set the flow control to deliver a tidal volume in approximately
1.5 to 3.0 s.

6. Set the expiratory time control to establish a respiratory rate
appropriate for the patient, often 7 to 10 breaths/min.

7. For final settings, the operator should understand that there
are interactions between the controls on a Bird ventilator
(e.g., changing inspiratory flow may affect respiratory rate
and vice versa).

Hazards Associated with the Use of
Ventilators
During anesthesia, the use of a ventilator allows the anesthetist to
concentrate on monitoring and supportive procedures. If an anes-
thetist is preoccupied with manually controlling or assisting ven-
tilation, monitoring and support may be neglected. A good exam-
ple is the use of a mechanical ventilator in anesthesia for equine
colic surgery. There is some loss of contact between the anes-
thetist and the patient when a ventilator is used, especially in re-
gard to respiratory function. Without a “hand on the reservoir
bag,” an anesthetist may miss such developments as disconnec-
tions in the patient circuit, variations in respiratory resistance and
compliance, and changes in the rate of spontaneous ventilation.
In addition, a ventilator, because of its sounds and regularity,
may lull an anesthetist into believing that ventilation is adequate
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when, in fact, it is not.61 Ventilators are mechanical and may mal-
function, and many veterinary ventilators are not equipped with
the alarm systems that are now required for human ventilators.
Finally, ventilators add a source of possible contamination to the
breathing system.61

The hazards of mechanical ventilation are usually associated
with malfunctions and failure of the equipment or inappropriate
or inadvertently altered control settings. The operator should se-
lect a ventilator capable of meeting the respiratory requirements
for the patient. Ventilators designed specifically for small ani-
mals or human patients are not necessarily appropriate for larger
animals. A ventilator must be able to generate an adequate inspi-
ratory flow rate and tidal volume if it is to be safe for use in larger
animals. General hazards associated with ventilators include
hypoventilation, hyperventilation, excessive airway pressure,
negative pressure during expiration, and failure of alarms, if 
the ventilator is so equipped. Hypoventilation can be associated
with power failure, dysfunction of the ventilator, cycling failure,
inadequate design for the patient, leak of driving gas, loss of
breathing-system gas, incorrect settings, and obstruction of flow.61

Respiratory Assist Devices
Several types and brands of respiratory assist devices are avail-
able. Some are completely manual in operation (resuscitation
bags with one-way valves), and some use compressed gas (oxy-
gen) to assist ventilation (demand valves). The mechanics of
these devices have been reviewed.61

Manual Resuscitators
A manual resuscitator is appropriate for application of IPPV to
small veterinary patients. Several brands of resuscitators are
available. The basic components of a manual resuscitator are a
compressible self-reexpanding bag, a bag-refill valve, and a non-
rebreathing valve.68 Some resuscitators can be attached to a
source of oxygen to enrich the oxygen content of inspired gases
(Fig. 18.59). Manual resuscitators can be fitted with a reservoir
to serve as a source of oxygen when the oxygen flow to the re-
suscitator does not meet the filling demands of the resuscitator.
The addition of such a reservoir makes the resuscitator more
cumbersome to use.68

Demand Valves
A demand valve can be used to deliver intermittent positive pres-
sure ventilation. The demand valve is set to deliver oxygen when
the patient begins to inspire (creating a negative inspiratory pres-
sure) until exhalation starts or until a certain preset pressure is
reached.68 Expiration is passive through the valve outlet. The
outlet may be restrictive to expiration in large patients. The de-
vice can be disconnected from the endotracheal tube after inspi-
ration to decrease the resistance to exhalation if the demand valve
must be used for an extended time.26 A demand valve can be trig-
gered manually to deliver oxygen to the patient as long as the ac-
tivation button is held down or until the preset pressure limit is
reached. Alternately compressing and releasing the control but-
ton allows application of IPPV. A demand valve with the capac-

ity for a high inspiratory flow rate is most desirable for use in
large animals; demand valves generating low inspiratory flows
will cause an excessively long inspiratory time in patients requir-
ing a large tidal volume.

Demand valves are available from various manufacturers. The
Hudson Demand Valve (Fig. 18.60) has been described for use in
horses.69 It delivers approximately 200 L/min if the oxygen-
supply pressure is 50 psi and greater than 275 L/min if the sup-
ply pressure is 80 psi. This valve will accept a standard connec-
tor for an endotracheal tube (15 mm), and an adapter will allow
attachment of the demand valve to a large animal endotracheal
tube connector. The equine demand valve sold by J.D. Medical
(Phoenix, AZ) functions at an inlet pressure of 50 to 75 psi. This
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Fig. 18.59. A manual resuscitation bag. Plastic tubing, which may
be connected to an oxygen flowmeter, is attached to the bag refill
valve to facilitate the addition of oxygen to inspired gases. The com-
ponents of the resuscitation bag include the clear elbow (right), which
is a non-rebreathing valve, the black self-inflating bag, and a refill
valve (the black apparatus on the left end of the bag). The non-
rebreathing valve may be connected to a mask or to an endotracheal
tube.

Fig. 18.60. The Hudson Demand Valve (left) with an adapter for at-
tachment to a large animal endotracheal tube connector.



demand valve is available with various lengths of supply-gas
hose and several sizes of adapters for endotracheal tubes. The
Elder CPR/Demand Valve (Fig. 18.61) is intended to provide
100% oxygen to breathing or apneic patients.70 The unit operates
on a regulated inlet supply of oxygen at pressures between 40
and 80 psi. There is a variable pressure limit of 60 cm H2O.
Variable pressure (0 to 60 cm H2O ± 5 cm H2O) can be delivered
to the patient, depending on the amount of pressure that is placed
on the manual control button. Two models of this demand valve
allow the choice of two set flow rates: 40 L/min at 40 psi and 160
L/min at 40 psi. The inlet for the valve is a DISS male oxygen fit-
ting, and the outlet is 15 mm ID for attachment to an endotra-
cheal tube connector and 22 mm OD for accepting a standard
adult mask. This demand valve is easily adapted to fit both large
and small animal endotracheal tubes with an adapter similar to
the one shown in Fig. 18.60.
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Introduction
The purpose of anesthesia is to provide reversible unconscious-
ness, amnesia, analgesia, and immobility for invasive procedures.
The administration of anesthetic drugs and the unconscious, re-
cumbent, and immobile state, however, compromise patient
homeostasis. Anesthetic crises are unpredictable, and tend to be
rapid in onset and devastating in nature. The purpose of monitor-

ing is to achieve the goals while maximizing the safety of the
anesthetic experience.

The purpose of preoperative monitoring is to determine the ex-
istence and magnitude of abnormal processes that might compro-
mise a patient’s response to anesthesia and the operative proce-
dure, and to guide the development of the anesthetic plan. The
preoperative assessment provides the basis for tailoring drug se-
lection and the intraoperative and postoperative monitoring and
support to the specific needs of the patient. Intraoperative moni-
toring, the subject of this chapter, focuses on insuring an opti-
mum anesthetic depth with minimal physiological impairment.
The purpose of postoperative monitoring is to warrant a full and
complete recovery from the anesthetic state and to provide ade-
quate analgesia.

Anesthetic Mortality
Anesthetic issues and problems are common, but mortality from
them is rare. The difference is in the monitoring, which can lead
to the early recognition and correction of the problem. Such
events, when they are easily rectified, are seldom even defined as
problems. An adverse event that threatens the life or causes the
death of a patient is universally defined as a problem. Perioper-
ative cardiac arrest, as opposed to the problem(s) that could po-
tentially cause it, is objective and not likely to be underrecog-
nized. Such mortality analyses may help define when and what
should be monitored during anesthesia.

Earlier studies reported a perioperative mortality rate of 20 to
189 per 10,000 patients administered anesthetics.1–4 Anesthesia
contributed to 2.5 to 9.2 deaths per 10,000 patients administered
anesthetics. Mortality rates were higher among patients with
poorer preoperative physical status and greater age where biolog-
ical reserves are limited, and among patients undergoing emer-
gency procedures where preoperative planning and preparation
are limited, but were still of notable frequency in young, healthy
patients undergoing planned procedures. Of the deaths, 1% oc-
curred at induction, 10% to 30% intraoperatively, 10% early
postoperatively, and the remainder over the ensuing days.3,4 In-
traoperative causes of death included the primary disease proc-
ess; aspiration; hypovolemia and hypotension; hypoxia second-
ary to airway or endotracheal tube problems, or pneumothorax;
misdosing of drugs; and hypothermia. Postoperative causes of
death included the primary disease process, arrest during en-
dotracheal tube suctioning, aspiration, pneumonia, and heart
failure.
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Perioperative mortality was reported to be 8.8/10,000 patients
administered anesthetics in a recent study of human patients.5

Deaths attributed entirely to anesthesia were quite uncommon
(0.1/10,000), but anesthetic-contributed mortality (anesthesia in
combination with surgery and augmented by the underlying
disease) was 1.4/10,000. In addition, there was a 0.5/10,000
incidence of postoperative coma 1 day after anesthesia. Of
anesthesia-related deaths, 17% occurred in American Society of
Anesthesiologist (ASA) classification 1 or 2, 45% in ASA class
3, and 38% in ASA class 4 or 5 patients. Of the deaths, 29% oc-
curred intraoperatively, 6% in recovery, and the remainder post-
operatively. No deaths were recorded at the time of induction,
which is a notoriously dangerous point in the anesthetic experi-
ence. Many problems were noted during induction, but no deaths
resulted from them. Of the anesthesia-related deaths, 52% in-
volved cardiovascular problems (hypovolemia and inadequate
volume replacement, hypotension and hypertension, ventricular
arrhythmias, or heart failure), and 10% involved respiratory
problems (inadequate oxygenation, airway problems, aspira-
tion, or ventilatory failure). Metabolic problems were a distant
third category.6 Inadequate preoperative preparation was thought
to occur in 25%, and inadequate monitoring in 10%, of the
anesthesia-related deaths.

In a survey study reported in 1990, cardiac arrests, 55% of
which were fatal, occurred in 2.6 per 10,000 patients adminis-
tered anesthetics.7 Anesthesia was thought to play a role in 45%
of these cardiac arrests. Of anesthesia-related deaths, 23% oc-
curred in ASA classification 1 or 2, 17% in ASA class 3, and
61% in ASA class 4 or 5 patients. Of the cardiac arrests, 47%
were thought to be due to preventable causes, the most common
of which were errors in drug administration and hypoxia.

A veterinary study in 1998 cited a complication rate of 2.1%
in 8087 dogs and 1.3% in 8702 cats, and an overall mortality rate
of 0.1% (10/10,000 anesthetics).8

Life-threatening perioperative problems, and therefore the
thrust of monitoring, seem to focus on the cardiopulmonary sys-
tem, although other organ systems and metabolic issues cannot
be ignored. Certain patient groups appear to represent greater
risk, although anesthesia and operation represent great risk to any
patient. Critically ill patients are somewhat advantaged because
we know in advance to pay special attention. Healthy patients un-
dergoing routine procedures are perhaps disadvantaged if we let
our guard down because we are not expecting a problem. Moni-
toring encompasses (a) assuring an appropriate anesthetic level
and (b) guarding against excessive physiological impairment.

Monitoring Anesthetic Level
The purpose of assuring an appropriate level of anesthesia is to
minimize the detrimental effects of excessively light levels of
anesthesia (awareness, recall, pain, and movement), as well as
those of excessively deep levels of anesthesia (hypoventilation
and hypoxemia; reduced cardiac output, hypotension, and inade-
quate tissue perfusion; hypothermia; and prolonged recovery).
The term anesthetic depth is somewhat of an anachronism be-
cause it is based on the concept that anesthetic agents cause pro-

gressive depression of central nervous system (CNS) function. It
is clear that anesthetic agents have different mechanisms of ac-
tion on the CNS, most of which are depressant, but some of
which are stimulant.9 Consciousness might better be represented
as a sphere, as opposed to a line. When cortical function is
pushed outside the boundaries of this sphere (in any direction)
(as opposed to below a line), unconsciousness occurs. Con-
sciousness might be viewed as a state of organized CNS function,
and anesthesia as a state of disorganized CNS function produced
by facilitated or impaired neurotransmitter release or receptor re-
ceptivity. The terms level of anesthesia and anesthetic depth,
however, are familiar and are used in this chapter, but refer to the
relationship between anesthetic-induced CNS function and the
center of the sphere of consciousness.

The state of general anesthesia is defined as the lack of aware-
ness of all aspects of one’s environment (including pain).
Anesthetic drugs, administered in small dosages, may cause se-
dation, but not anesthesia. There are, of course, degrees of seda-
tion or obtundation between fully awake and anesthetized, but
there is no consensus as to what to call them. An animal that is
visibly lethargic, sluggish, and depressed, but is spontaneously
aware of its environment, might be described as being mildly se-
dated or obtunded. An animal that is “sleeping” and does not ap-
pear to be aware of (or care about) its environment when unstim-
ulated, but that is readily awakened with verbal or light tactile
stimulation, might be described as being moderately sedated or
obtunded. An animal that awakens only with strong tactile or
noxious stimulation might be described as being more sedate 
or obtunded, whereas anesthetized or comatose patients cannot
be awakened even by strong, painful stimulation. Some sedative
drugs (e.g., opioids), even in high dosages, do not induce anes-
thesia reliably. Some sedative drugs administered in small dos-
ages do not even induce sedation, but can decrease a patient’s
apprehension or anxiety: This is tranquilization. Tranquilizers
(phenothiazines and benzodiazepines) can never be anesthetics,
but they can potentiate the anesthetic effects of anesthetics.
Anesthetic drugs, if dosed judiciously, can act as tranquilizers,
sedatives, or true anesthetics. Opioids can induce an anesthesia-
like state in high dosages, but, if used alone, spontaneous move-
ment in animals and awareness in people are not uncommon.

Analgesia is the lack of awareness of nociceptive stimuli.
Some agents (e.g., opioids and nitrous oxide) are good anal-
gesics, but are not particularly good at inducing loss of awareness
(anesthesia). Some anesthetic drugs (barbiturates, propofol, eto-
midate, halothane, and sevoflurane) are good anesthetics but
have no analgesic qualities (in subanesthetic dosages). These
agents can be used for surgical procedures, however, because,
once anesthetized, animals lose their ability to perceive pain. The
eminent problems with these agents are the variation in anes-
thetic depth associated with nociceptive stimulation during the
operative procedure and the lack of postoperative analgesia.
Some agents (ketamine and isoflurane) are good anesthetics, as
well as good analgesics.

There are also levels of anesthesia. In Guedel’s classic descrip-
tion of anesthetic depth,10 loss of consciousness defines the bor-
der between stages I and II, and the cessation of spontaneous mus-
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cle movement the border between stages II and III (the surgical
stage of anesthesia). In the lighter plane of stage III, a hemody-
namic response and muscular movement in response to noxious
stimuli might still be present, but stage II provided a comfortable
margin between these responses and awareness of the noxious
stimulus. A hemodynamic response or reflex muscular movement
in response to a noxious stimulus proved a light level of surgical
anesthesia and yet the patient was far removed from being aware
of the noxious stimulus: the ideal anesthetic level. This is an im-
portant concept either to accept or to reject because it bears di-
rectly upon the philosophy of much of the recent research that
equates a hemodynamic response, an electroencephalographic
(EEG) response, or a muscular movement response to a noxious
stimulus with the conscious awareness of pain.

One of the major goals of anesthesia is that the patient should
lack awareness during the procedure. Amnesia is often listed as
one of the goals of anesthesia, but it is somewhat of an oxy-
moron. If the first goal is met, then there is nothing to forget. It
would hardly be philosophically acceptable to allow awareness
of pain during the operative procedure, as long as the patient for-
got about it afterward. It turns out that the first goal (lack of
awareness) is not always met, but that awareness, and discomfort
and pain, are also not synonymous. There is also a naturally high
incidence of amnesia afterward. Awareness probably occurs con-
siderably more frequently than people remember it.11 In one
study, 20 patients were deliberately awoken intraoperatively
from propofol anesthesia and asked to perform cognitive tasks,
and then were reanesthetized for completion of the surgical pro-
cedure.12 Only 35% of these patients could remember the expe-
rience. Awareness, it turns out, is a very difficult thing to study
because it can be studied only by asking patients whether they re-
member anything. There is also the difference between sponta-
neous, explicit recall of specific events and implicit, nonspecific
recall that can be obtained only with extensive questioning or
hypnosis. Explicit recall is often better 1 week after surgery than
it is after 1 day, so the study results depend on when the question
is asked. The incidence of explicit awareness in people is cited to
be about 0.2%.13 Intraoperative awareness is also not always as-
sociated with intraoperative pain nor posttraumatic suffering, but
when it is, it is a serious problem.13 Many reports of awareness
in people are associated with insufficient dosages of anesthetic;
for example, in cesarean section when fetal depression is a
concern, and in cardiac and trauma patients where anesthetic-
induced cardiovascular depression is a concern.13 The easiest
way to prevent intraoperative awareness is to provide adequate
amounts of anesthetic. Preventing movement, hemodynamic, and
EEG response to surgical stimulation, although not necessary in
most patients, would seem to be the best means of minimizing in-
traoperative awareness in all patients.

In general, patients lose recall at the lightest levels of anesthe-
sia first, awareness second, movement in response to a nocicep-
tive stimulus third, and a hemodynamic or EEG response to a no-
ciceptive stimulus fourth, with increasing anesthetic depth. For
halothane, MACawake (minimum alveolar concentration [MAC]
to prevent response to verbal command in 50% of patients:
awareness) is about 0.4%; MACincision (MAC to prevent muscu-

lar movement in response to a strong surgical stimulus) is about
0.9%; and MACBAR (MAC to block the autonomic response to
skin incision) is about 1.1%.14 The MACawake and the
MACincision were reported to be 0.39 and 1.3 for isoflurane and
0.61 and 2.0 for sevoflurane, respectively.15 Patients maintained
at an end-tidal anesthetic concentration that is sufficient to pre-
vent movement in response to surgical stimulation, let alone suf-
ficient to prevent a hemodynamic response, have a 21/2- to 3-fold
anesthetic margin between them and awareness. The bispectral
index (BIS) is a processed electroencephalogram that quantifies
the degree of anesthetic-induced cortical electrical depression. A
value below 60 is associated with loss of recall, below 50 with
the loss of awareness, below 40 with the loss of muscular move-
ment in response to a noxious stimulus, and below 20 with burst
suppression (deep anesthesia). MACBAR and MACBIS (the MAC
associated with an increase in BIS to 60 in response to nocicep-
tive stimulation) were reported to be about the same in cats.16

BIS has been used to help ensure that patients are well anes-
thetized, pain free, and unaware.13,17

A hemodynamic or EEG response or movement in response to
a nociceptive stimulus does not mean that an animal is con-
sciously aware of the stimulus; the evidence seems to be quite
contrary to this assumption. These reactions might represent the
ideal anesthetic level (light, but not too light). However, in the
clinical practice of anesthesia, since a 100% lack of awareness is
the goal, maintaining a depth of anesthesia that is free of hemo-
dynamic, EEG, and movement response to surgical stimuli, as
long as the cardiovascular system can handle it, would seem to
maximize the likelihood of achieving the lack-of-awareness goal.
Spontaneous movement during anesthesia is, however, a charac-
teristic of some anesthetic agents (opioids, etomidate, and propo-
fol) and is not synonymous with inadequate anesthetic depth.

Anesthetic level represents the balance between the amount of
drug(s) administered, the amount of surgical stimulation (which
tends to awaken patients), and the severity of illness (which tends
to synergize the anesthetic). Anesthetic requirements change
over time (with an overall decreasing trend) within a single anes-
thetic experience, because of variations in the magnitude of sur-
gical stimulation, the gradual filling of redistribution sites, and
variations in body temperature. It would not be appropriate to
maintain initial vaporizer settings or drug infusion rates for the
duration of the operative procedure, because animals would in-
variably be excessively anesthetized by the end of the procedure.
Anesthetists should repeatedly try to decrease the amount of
anesthetic administered during the course of an anesthetic. Since
the dosage of anesthetic required for a patient cannot be pre-
dicted, however, the administration of each anesthetic should be
considered a clinical experiment. If the signs of anesthetic depth
suggest that an animal’s anesthesia level is getting too light, then
perhaps the anesthetic dose should be returned to its previous set-
ting; unless, of course, one is at the end of the operative proce-
dure: then light is right. The challenge is to keep the animal in a
light to medium level of anesthesia; that is, deep enough to abate
conscious perception and to provide adequate muscle relaxation,
yet light enough that the signs of anesthesia clearly indicated that
the animal is not too deeply anesthetized.
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Single, point-in-time measurements are meaningful when they
are severely abnormal; an animal that is prematurely leaving the
operating table of its own will is a problem at the moment, and it
does not matter what depth was assessed 5 min earlier. For the
most part, though, measurements and evaluations are inter-
pretable only in the context of previous measurements (the palpe-
bral reflex at the moment, compared with what it was 15 min ear-
lier) and with reference to other related parameters. (If an animal
is scrambling to leave the table, who cares whether it has a palpe-
bral reflex?) Given the mechanistic differences between anes-
thetic drugs and interindividual differences in response to them,
monitoring of anesthetic level is, at best, very uncertain. It is nev-
ertheless the explicit responsibility of anesthetists to ensure that
these drugs are administered in the safest possible way by moni-
toring the animal’s response to them.

Physical Signs of Anesthetic Depth
These depend, for the most part, on the evaluation of muscular
tone and muscular reflexes. The signs of anesthetic depth vary
from moment to moment, from individual to individual, and be-
tween species and anesthetic drugs. No one sign alone defines
anesthetic depth. Assess as many signs as possible. They invari-
ably suggest different levels of anesthesia, one sign suggesting a
light level, one medium, and one deep, and the anesthetist is left
to sort it all out. Observers should prioritize the signs (some are
more reliable than others) and then average their findings
(medium in the aforementioned example). The presence of a sign
is much more meaningful than the absence of it. For instance, in
most species and with most anesthetics, the presence of a palpe-
bral reflex is a reliable sign of a light level of anesthesia. The ab-
sence of a palpebral reflex suggests that the level is not light. In
some individuals, though, the sign is unreliable, and the level is
light despite the absence of the reflex. When the signs of anes-
thetic depth are unclear or contradictory, anesthetic drug adminis-
tration should be decreased until the animal is clearly at a light to
medium level of anesthesia. Lastly, know that there is no obliga-
tory correlation between level of anesthesia and physiological
consequence of anesthesia; a light level does not preclude severe
hypotension or hypoxemia. These are some points to remember:

1. The recent history of anesthetic dosing is an important com-
ponent of the evaluation of the depth of anesthesia: Large
dosages should be associated with a deep level of anesthesia and
vice versa. The vaporizer setting or the drug infusion rate helps
define the amount of anesthetic being delivered to a patient. End-
tidal anesthetic concentrations and plasma drug concentrations
define the amount of anesthetic in a patient. Usual vaporizer set-
tings, drug administration rates, and end-tidal and plasma con-
centrations that are appropriate for induction (loading) and then
maintenance for the various common anesthetics are discussed
elsewhere in this text (Chapters 8 through 16). The issue here is
that the anesthetic drug dosing is just the beginning of the evalu-
ation of the depth of anesthesia, not the definition of it. “Usual”
dosages may cause excessive anesthesia in animals with serious
underlying disease and hypothermia. Normal anesthetic drug
dosages do not guarantee that an animal will not be overanes-

thetized. Equally important is that vaporizers and infusion pumps
do not always work properly, and normal settings may actually
overshoot or undershoot the mark. Knowledge of anesthetic drug
dosing and knowledge of the amount of drug “on board a patient”
define only what they measure and are not the definition of anes-
thetic depth in an individual patient. You are going to need more
information.

2. Spontaneous movement is a reliable sign of a light level of
anesthesia with most anesthetics. Focal muscle twitching has
been associated with etomidate and propofol administration and
should not be interpreted, per se, to indicate a light level.
Spontaneous muscular movement is common with opioid-based
anesthetic protocols and also should not be interpreted to indicate
a light level. Muscle hypertonus can be a feature of ketamine-
based protocols and should not be interpreted to indicate a light
level.

3. Reflex movement in response to surgical stimulation is a re-
liable sign of a light level of anesthesia. It does not, however,
mean that an animal is experiencing pain from a nociceptive
stimulus.

4. An abrupt increase in heart rate, blood pressure, or breath-
ing rate, specifically in response to surgical stimulation, is gener-
ally considered to be a reliable sign of a light level of anesthesia.
In general, physiological parameters such as heart rate, arterial
blood pressure, breathing rate, and minute ventilation should
trend upward as an animal becomes more lightly anesthetized
and downward when an animal becomes deeply anesthetized.
These are not, however, reliable premonitory indicators of anes-
thetic depth; they are often observed to be quite stable until after
an animal abruptly awakes or suffers cardiovascular collapse.
There are also many abnormalities that affect these parameters
(in either direction) that have nothing to do with anesthetic level.
Anesthetic level is only one of the differentials that should be
considered when an animal develops a decreased or increased
heart or breathing rate.

5. Mandibular muscle tone should be lots, some, and none in
light, medium, and deep levels of anesthesia, respectively, in
dogs and cats. The descriptors lots, some, and none must be in-
dexed to the species and breed of an animal; one would never ex-
pect a cat to have the same muscle tone as a mastiff. Mandibular
muscle tone is assessed by the resistance encountered when try-
ing to just open the mandible. Puppies never have any mandibu-
lar muscle tone, and this parameter cannot be used to evaluate
their depth of anesthesia. Large animals always have much mus-
cle tone and this parameter cannot be used to evaluate their depth
of anesthesia. Ruminants and swine exhibit a chewing reflex
when they are lightly anesthetized.18

6. A change to an abdominal (diaphragm)-first breathing pat-
tern signals a deeper level of anesthesia, as does bradypnea and
hypoventilation.

7. The presence of a palpebral reflex is a reliable indicator 
of a light level of anesthesia. The absence of it suggests a
medium or deep level. The goal would be an anesthetic depth
where the palpebral reflex is either just barely present or just
barely absent. Some individuals fail to exhibit a palpebral reflex
even though their anesthesia level is actually light. With keta-
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mine use, the palpebral reflex is always present and the eyelids
remain open as opposed to the effect of most other anesthetics
on this parameter.

8. The presence of a pupillary light reflex (pupillary constric-
tion in response to a bright light shined upon the retina) and the
presence of a dazzle reflex (a blink in response to a bright light)
are reliable indicators of a light to light to medium level of anes-
thesia. The pupillary light reflex may be minimized or eliminated
by parasympatholytics.

9. In small animals, with traditional anesthetics, eyeball posi-
tion is central (and the pupil size is medium) when the animal’s
anesthesia level is light, is rotated ventromedially when the level
is medium, and is central again (and the pupil is dilated) when
the level is deep. The eyeball does not rotate when ketamine is
used. In horses, the eyeball can rotate, though not reliably so, but
spontaneous nystagmus does occur. A very slow, “roving” eye-
ball (“one minute it’s here; the next it’s over there”) might repre-
sent a medium level of anesthesia, whereas a fast nystagmus rep-
resents a very light level in this species. Nystagmus may occur in
light levels of anesthesia in ruminants and swine, but disappears
at deeper levels. In these species, the eyeball rotates ventrally
with deeper levels of anesthesia. Nystagmus does not normally
occur in anesthetized small animals.

10. The lack of tear production as noted by a dry-appearing
cornea is a sign of a deep level of anesthesia with traditional
anesthetics. Lacrimation or “tearing” is seen in horses and is a
sign of a light level.

11. The gag and swallow reflexes are reliable indicators of a
light level of anesthesia in nearly all species.

EEG: Monitoring of Anesthetic Depth
Typically, the EEG pattern changes from a low-wave, high-
frequency pattern during the awake state to high-wave, low-
frequency with anesthesia to burst suppression (intermittent peri-
ods of electrical silence) and finally persistent electrical silence
with deep levels of anesthesia. The raw EEG signals, however,
require a considerable volume of recording and considerable spe-
cialized training and expertise to interpret subtle changes.
Computerized analysis of raw EEG signals facilitates interpreta-
tion of those signals. EEG voltage changes (power) as a function
of time (time domain) generate such indices as total EEG power,
median power frequency, or burst suppression. Interpretational
algorithms (by fast Fourier transformation) might also examine
signal activity as a function of frequency (frequency domain) and
generate such indices as spectral edge frequency (SEF95) (the
frequency below which 95% of the total EEG power resides),
median frequency (the median EEG power frequency), and the
relative power of the delta (0.5 to 3.5 Hz), theta (3.5 to 7.0 Hz),
alpha (7 to 13 Hz), and beta (13 to 30 Hz) frequency ranges com-
pared with total EEG power.19 Such indices have been used to
characterize anesthetic depth in people6,20–22 and animals.23–26

Other indices27 and combinations of indices,28 BIS and Narco-
trend (Monitor Technik, Bad Bramstedt, Germany), may repre-
sent a more integrated approach to EEG analysis compared with
the classic indices19,22 and may be more user-friendly.

BIS analysis (Aspect Medical Systems, Newton, MA) repre-

sents a variably weighted value derived from four subparameters:
(a) burst suppression ratio (time domain); (b) a quasi value (time
domain); (c) �2 power ratio in the 30- to 47-Hz range compared
with that in the 11- to 20-Hz range (frequency domain); and (d)
the bispectral biocoherence ratio of peaks in the 0.5- to 47-Hz
range compared with the 40- to 47-Hz range (frequency do-
main).17 BIS has been extensively studied in humans primarily as
an index of sedation29,30 or depth of anesthesia.16,22,26,31–34 It has
also been used as an index of brain function in neurological pa-
tients.35,36 The BIS monitor does not require calibration and dis-
plays a bar graph denoting signal quality and amount of elec-
tromyographic interference. Excessive muscle movement can be
a problem.37 The monitor displays a number between 0 and 100:
Values above 90 are compatible with awake and alert, 80 to 90
with anxiolysis, 60 to 80 with hypnotic or moderate obtundation,
below 60 with loss of recall, below 50 with unresponsiveness to
verbal stimuli, below 20 with burst suppression, and 0 with iso-
electric stimuli (Aspect Medical Systems). Not all anesthetics af-
fect BIS in the same way: Propofol, midazolam, and thiopental
strongly depress it, inhalational anesthetics have an intermediate
effect, opioids have little effect, and nitrous oxide and ketamine
tend to increase the BIS value.17

Narcotrend analyzes the raw EEG data and then categorizes
the levels of sedation as awake (A0), subvigilant (A1 and A2), se-
dation (B0, B1, and B2), anesthesia (C0, C1, and C2), moderate
anesthesia (D0, D1, and D2), deep anesthesia or burst suppres-
sion (E), and coma/electrical silence (F).38

Auditory evoked EEG responses have been used primarily to
assess neurological function in CNS disease, but have also been
used to assess anesthetic depth and awareness or recall.39 Many
studies have used sensory (to a noxious stimulus)-evoked EEG or
BIS, hemodynamic responses, and movement responses to eval-
uate nociception.

All EEG indices are subject to large individual and anesthetic
drug variation. Depending on the magnitude of the stimulation
and the depth of anesthesia, stimulus-induced EEG changes
could represent either an arousal pattern or a pattern that suggests
a deeper level of anesthesia (the paradoxical response).23,40 The
EEG changes do not reflect analgesic properties of an anesthetic
drug, per se, but only its hypnotic properties. No EEG index has
yet replaced physical evaluation of patients and common sense,
although several indices clearly aide the evaluation of anesthetic
depth, reduction of anesthetic drug dosages, and shortened re-
covery times.38

Monitoring Perioperative Pain and
Analgesia
Nociception is the neural response to a noxious stimulus. Pain is
the conscious interpretation that the nociceptive stimulus is suf-
ficiently unpleasant to motivate its owner to do something about
it. The evaluation of pain is more simple in communicative peo-
ple (you ask them) than in neonates and animals. The existence
of pain in an animal and the need for analgesic therapy depend
on the observation of behavioral changes or abnormalities that
can reasonably be attributed to pain. Unfortunately, none of the
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“pain signs” are specific to pain; many nonpainful situations
cause them, as well.

Physical Signs of Pain
It might be helpful to divide pain into levels of magnitude: mild,
moderate, and severe. Severe pain might be defined as that which
is intolerable; the kind of pain where the animal throws itself
about its cage in a mindless frenzy because the pain is so severe
that it simply cannot deal with it in any other way. Unprovoked
vocalizing (crying or whimpering) by an animal that does not
have CNS disease and is not recovering from anesthesia, but does
have a disease that might be painful, is taken as evidence of se-
vere pain. Mild pain might be equated with that amount which
one would consider to be a nuisance and not necessarily of such
magnitude that its owner would seek out pain-relief medications.
Such an animal can tolerate it well and can usually go about its
normal daily activity. Since the pain does not interfere with
behavior in any fashion, it defies recognition by an outside
observer.

Moderate pain may be described as that which starts to inter-
fere with normal behavior, appetite, or activity of an animal that
has a disease or that has undergone a surgical procedure or ex-
perienced a trauma that is reported to be painful in people. The
animal may exhibit an anxious expression and may not rest com-
fortably, and may be unable to sleep. The animal is less con-
cerned with happenings in its environment. Appetite may be de-
creased or absent and the animal may lose weight, energy, or
productivity. The animal’s activity may be decreased (if the ani-
mal is trying to minimize pain associated with movement). It
may just lie in one spot for extended periods with its eyes open,
staring into space without focusing on anything in particular. The
animal’s activity may become increased (if the animal is trying to
find a position wherein the pain is diminished), and the animal
may assume abnormal positions. The animal may move, but in-
frequently, and stiffly, as though to guard and protect the painful
area. The attitude may also change to that of an animal that is less
tolerant to being handled than normal. The attitude may become
more fearful or more aggressive.

The pain may be classified as moderate if an animal develops
an anxious expression or tenses when the area in question is
about to be touched, or if it cries out or responds aggressively
when the area is touched (assuming that these represent inap-
propriate responses for this particular individual or species to an
otherwise innocuous stimulus). Secondary physiological changes
that may result from pain are tachycardia, tachypnea, hyper-
tension, arrhythmias, dilated pupils, salivation, and/or hyper-
glycemia.

EEG: Monitoring of Analgesia
The EEG indices measure brain electrical activity that changes in
an approximately consistent pattern with anesthetic depth in such
a way that one can predict with some accuracy when a patient
loses awareness, recall, and response to a noxious stimulus. EEG
changes observed in response to nociceptive stimulation gener-
ally reflect a lighter level of anesthesia, although a “paradoxical
arousal” response, reflective of a deeper level, is common.23,40

These EEG indices are not a measure of pain, per se, but of a cor-
tical response to the nociceptive stimulus, in the same way that
movement or a change in heart rate may occur in response to a
nociceptive stimulus. These responses do not prove that an ani-
mal is experiencing pain, but only suggest a cortical electrical re-
sponse to the nociceptive stimulus; the animal may or may not be
experiencing pain.

Most studies use the EEG indices to measure the ability of var-
ious drugs to diminish a response to a specifically timed, induced
surgical stimulus (such as an incision).40–43 Although the admin-
istration of nitrous oxide did not affect 95% spectral edge fre-
quency or BIS in the absence of surgical stimulation,44 it was as-
sociated with a dose-dependent decrease in these parameters
when administered during major lumbar surgery.45 Although the
administration of fentanyl did not affect 95% spectral edge fre-
quency or BIS, per se, it prevented the decrease in these indices
(paradoxical response) associated with skin incision.43 Both re-
sults were attributed to the analgesic properties of the drugs. In a
novel approach to studying preemptive analgesia, when the spec-
tral edge frequency was maintained within the target range of 8
to 12 Hz, postoperative pain scores and morphine requirements
were reduced.46 There are no analgesia monitors per se, but only
monitors of the cortical electrical response to nociceptive stimuli.
When a drug diminishes the EEG response to a nociceptive stim-
ulus, it is often presumed to be because of its analgesic qualities
(unless, of course, it is because of its hypnotic qualities).

Analgesia assessment in the postoperative period is a different
challenge from that of a specific, timed, nociceptive stimulus in
the intraoperative period. Postoperatively, pain is pretty much on-
going. The objective might be to return the EEG index and the
patient to a state that is relaxed, sedate, and pain free (that is
clearly not an arousal nor a paradoxical arousal state) and to
maintain them in that state. In EEG terms, this might be an SEF95
of 8 to 12 Hz or a BIS value below 60. In physical examination
terms, this is represented by behavior which suggests that the an-
imal is comfortable and reasonably pain free. The EEG indices
are not likely to be particularly helpful in weaning an animal off
of analgesic drugs; that is, in determining when it is okay to with-
draw them and allow an animal to return to a normal, aroused,
drug-free, pain-free state.

Important Concepts in the Provision of
Analgesia
The administration of analgesic drugs prior to the nociceptive
stimulus (preemptive analgesia) is thought to reduce the ramping
up process (amplification of the nociceptive signal) by the mod-
ulatory interneurons within the spinal cord. Preemptive analgesia
reduces the magnitude of postoperative pain as well as the
dosages of analgesics administered.

Animals cannot truly be evaluated for pain during the recovery
phase (the reflex phase) of anesthesia. Nevertheless, excessive
vocalizing and activity during this time should be subdued with
a sedative; they can cause the animal’s owner considerable angst.
Ensure that the source of the discomfort is not a full urinary blad-
der (animals typically receive a large volume of fluids during sur-
gery and often do not urinate).
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In the postoperative period, after the evaluation of pain signs,
because they are not specific, one is invariably left with doubt as
to whether an animal is experiencing pain. In the end, the deci-
sion is subjective. Animals should subjectively appear to be com-
fortable, respond to human interaction normally, sleep, eat and
drink, and move about with ease. If they do not present a com-
fortable picture, something should be done. Analgesic drugs are
not without potential adverse effects, and there is sometimes
great hesitancy to administer them to treat a problem that one is
not sure exists. The relative risks, however, are low and by far
outweighed by the potential harm associated with unremitting
pain. When it is unclear whether an animal is experiencing undue
pain and when it is unclear whether analgesics should be admin-
istered, it is appropriate to administer a full dose of an analgesic.

Free nerve endings transduce pressure, heat, or chemical noci-
ceptive stimuli into an electrical signal (transduction) that is then
transmitted to the spinal cord, brain stem, and thalamus (trans-
mission). In the dorsal horn of the spinal cord, nociceptive sig-
nals can be diminished or augmented by ascending or descend-
ing interneuronal pathways (modulation). The somatosensory
cortex then integrates, interprets, and quantifies the nociceptive
stimulus (perception). Different analgesic drugs affect nocicep-
tion at different levels of the process, and this justifies the use of
drugs with multilevel effects and the use of multiple drugs to take
advantage of their differential foci of effect. Transduction can be
inhibited by local anesthetics, opioids, and antiprostaglandins;
transmission by local anesthetics and �2-agonists; spinal modu-
lation by local anesthetics, opioids, �2-agonists, N-methyl-D-
aspartate antagonists (ketamine), antiprostaglandins, and anti-
convulsants; and perception by general anesthetics, opioids, �2-
agonists, and tranquilizers (phenothiazines).47

When one or two dosages of an analgesic fail to alleviate the
“pain signs,” chances are that pain was not the problem in the

first case. The use of anxiolytics may be indicated. Aceproma-
zine (0.01 mg/kg) has been remarkably effective; diazepam (0.2
mg/kg) may or may not be effective.

Physiological Consequences of the
Anesthetic State
Although the pharmacodynamic effects of the various anesthetic
drugs vary, the mechanisms by which they cause morbidity and
mortality are the same: excessive bradycardia, arrhythmias, my-
ocardial depression, vasodilation, hypotension, hypoventilation,
hypoxemia, or hypothermia. These common problems should be
the focus of intraoperative monitoring of organ function.
Ongoing, automatic, audible monitors of organ function are the
mainstays of intraoperative monitoring and crisis prevention.
Single, point-in-time measurements are meaningful when their re-
sults are severely abnormal: A heart rate of zero is a problem at
the moment, and it does not matter what it was 15 min earlier. For
the most part, though, measurements and evaluations are only in-
terpretable in the context of previous measurements (trends) and
with reference to related parameters (Fig. 19.1). A dog’s heart rate
of 50 beats/min may not be a problem if blood pressure and car-
diac output are adequate to meet the tissue perfusion needs of the
patient, or may even be an appropriate compensation if the arte-
rial blood pressure is high. Some expected cardiopulmonary
changes associated with the administration of various anesthetic
agents are listed in Tables 19.1 (dogs) and 19.2 (horses).

Cardiovascular Monitoring
Heart Rate and Rhythm
Heart rate and stroke volume are important to cardiac output.
Slower heart rates are usually associated with larger end-diastolic
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Fig. 19.1. Integration of cardiopulmonary
performance.



ventricular volumes and larger stroke volumes; up to a point, car-
diac output is preserved by the larger stroke volumes.48 Heart
rate is too slow when it is associated with low cardiac output, hy-
potension, or poor tissue perfusion. In lieu of this kind of evi-

dence or a reasonable cause for the bradycardia, values of 60
beats/min for dogs, 90 for cats, and low 20s for horses are com-
mon triggers for treatment. Common causes and treatment for
bradycardia are listed in Table 19.3. Verify that the problem is
truly bradycardia as opposed to a slow pulse rate, which could be
caused by ventricular arrhythmias. Excessive vagal tone can be
caused by pharyngeal, laryngeal, or tracheal stimulation; by pres-
sure on the eyeball or rectus muscles; or by visceral inflamma-
tion, distension, or traction.

Sinus tachycardia is primarily a sign of an underlying problem
(Table 19.4). It becomes a problem for patients only when there
is not enough time for diastolic filling: Cardiac output decreases.
In people, because of coronary artery disease, sinus tachycardia
is feared because the increased myocardial oxygen consumption
may exceed oxygen-delivery capabilities. In lieu of cardiac out-
put information, the trigger level for specific treatment of sinus
tachycardia may be somewhere in the low 200s for dogs, the high
200s for cats, and 80 for horses.

Ventricular arrhythmias, in an animal that did not have them
prior to anesthesia, are primarily a sign of an anesthetic-induced
complication (Table 19.5). Make sure that the electrocardio-
graphic abnormality is truly of ventricular origin as opposed to a
right bundle branch block, which appears similar to a ventricular
rhythm except that it is preceded by a P wave. Ventricular ar-
rhythmias may also be caused by intrinsic myocardial disease or
arrhythmogenic factors released from various debilitated abdom-
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Table 19.1. Cardiopulmonary effects of general anesthesia in dogs.

Awakea Ketamineb Oxymorphonec Halothaned Pentobarbitale

HR 90 ± 21 166 ± 44 72 ± 14 97 ± 13 107 ± 20
CI 4.65 ± 1.09 6.55 ± 2.23 4.13 ± 1.13 3.22 ± 0.62 4.26 ± 0.51
CVP 3 ± 4 2 ± 4 12 ± 4 2 ± 1 NR
PAOP 5 ± 2 NR 15 ± 2 5 ± 2 NR
ABPm 104 ± 12 139 ± 13 112 ± 10 64 ± 9 118 ± 18
PAPm 15 ± 4 17 ± 6 21 ± 4 10 ± 2 17 ± 3
SVRI (1787) (1696) (2166) (1588) (2215)
PaO2 100 ± 6 96 ± 7 81 ± 6 540 ± 46 90 ± 7
PvO2 50 ± 5 50 ± 5 49 ± 5 81 ± 8 51 ± 3
PaCO2 40 ± 3 41 ± 6 50 ± 2 45 ± 8 43 ± 5
A-aPO2 10 ± 5 6 ± 3 (14) (120) 12 ± 5
Ven admix 4 ± 3 3 ± 3 13 ± 6 6 ± 1 7 ± 3
Hb 13.1 ± 1.7 14.9 ± 1.9 16.3 ± 1.8 14.0 ± 2.2 14.0 ± 1.0
DO2 (801) (1273) (854) (656) (771)
VO2 (149) (230) (153) (84) (126)
O2 extr (0.19) (0.18) (0.18) (0.13) (0.16)

HR, heart rate (beats/min); CI, cardiac index (L/min/m2); CVP, central venous pressure (cm H2O); PAOP, pulmonary artery occlusion pressure (mm Hg);
ABPm, mean arterial blood pressure (mm Hg); PAPm, mean pulmonary arterial blood pressure (mm Hg); SVRI, systemic vascular resistance index (dynes 
· s · cm�5); PaO2, arterial partial pressure of oxygen (mm Hg); PvO2, venous partial pressure of oxygen; PaCO2, arterial partial pressure of carbon dioxide
(mm Hg); A-aPO2, alveolar-arterial PO2 gradient (mm Hg); Ven admix, venous admixture (%); Hb, hemoglobin (g/dL); DO2, oxygen delivery (mL/min/m2);
VO2, oxygen consumption (mL/min/m2); O2 extr, oxygen extraction (%).
Data expressed as mean ± 1 SD. Numbers in parentheses were recalculated from the available data.
aIn unsedated, calm, recumbent dogs breathing room air
b15 min after ketamine (10 mg/kg) administered intravenously.
c75 min after 0.4 mg/kg oxymorphone, administered intravenously, followed by 0.2 mg/kg at 20, 40, and 60 min.
d30 min after mask induction and intubation with halothane.
e40 min after pentobarbital induction.

Table 19.2. Cardiopulmonary effects of general anesthesia in
horses58,59.

Isoflurane (1.2 MAC)/
Awake Halothane (1.0 MAC)

HR 37 ± 2 43 ± 5/39 ± 2
CI 69 ± 3 59 ± 8/35 ± 3
ABPm 133 ± 12 92 ± 5/98 ± 9
PAPm 29 ± 2 25 ± 2/26 ± 1
SVRI 333 ± 18 285 ± 28/579 ± 56
PaO2 507 ± 14 318 ± 46/360 ± 28
PvO2 52 ± 6 57 ± 4/ND
PaCO2 45 ± 1 73 ± 4/65 ± 2

HR, heart rate (beats/min); CI, cardiac index (L/min/kg); ABPm, mean
arterial blood pressure (mm Hg); PAPm, mean pulmonary arterial blood
pressure (mm Hg); SVRI, systemic vascular resistance index (dynes · s ·
cm�5); PaO2, arterial oxygen partial pressure (mm Hg); PvO2, venous
partial pressure of oxygen; PaCO2, arterial carbon dioxide partial pressure
(mm Hg).
Data expressed as mean ± 1 SD.
MAC, minimum alveolar concentration; ND, not done.



inal organs. Ventricular arrhythmias become a problem for a pa-
tient when they interfere with cardiac output, arterial blood pres-
sure, and tissue perfusion, or when they threaten to convert to
ventricular fibrillation. Ventricular arrhythmias should be treated
when (a) the minute-rate equivalent approaches the trigger point
for treating sinus tachycardia, (b) they are multiform, or (c) the
ectopic beat overrides the T wave of the preceding depolariza-
tion. Total elimination of the ventricular arrhythmia is not neces-
sarily the goal of therapy, because large dosages of antiarrhyth-

mic drugs have deleterious cardiovascular and neurological ef-
fects. A simple decrease in the rate or severity of the arrhythmia
may be a suitable end point to the titration of antiarrhythmic
drugs (Table 19.6).

Ventricular arrhythmias can be caused by several mechanisms
that are not readily apparent from the electrocardiographic ap-
pearance of the arrhythmia: (a) abnormal automaticity character-
ized by rapid, spontaneous, phase 4 depolarization; (b) reentry of
depolarization wave fronts because of unidirectional conduction
blocks; (c) early after-depolarizations caused by diminished re-
polarizing potassium currents prolonging action potentials; and
(d) delayed after-depolarizations caused by abnormal oscillations
of cytosolic calcium concentrations after myocardial or Purkinje
cell repolarization. A given antiarrhythmic may be effective in
one mechanism and be ineffective, or even worsen the arrhyth-
mia, in another. Antiarrhythmic therapy is always a bit of a clin-
ical trial. Lidocaine is a first-choice antiarrhythmic because it se-
lectively affects abnormal cells without affecting automaticity or
conduction in normal cells.

Vasomotor Tone 
Peripheral and visceral perfusion is primarily regulated by vaso-
motor tone. Vasodilation improves peripheral perfusion, whereas
vasoconstriction impairs it. Vasodilation is a potent cause of hy-
potension, whereas vasoconstriction increases blood pressure.
Vasomotor tone is assessed by mucous membrane color (pale =
vasoconstriction, whereas red = vasodilation), capillary refill
time (<1 s = vasoconstriction, whereas >2 s = vasodilation),
toeweb to core temperature gradient (>4°C = vasoconstriction,
whereas <2°C = vasodilation). Vasoconstriction may be caused
by hypovolemia, heart failure, hypothermia, or the administra-
tion of vasoconstrictor drugs. Vasodilation may be caused by the
systemic inflammatory response, hyperthermia or the adminis-
tration of vasodilator drugs. Treatment should be directed to the
underlying cause; vasocorrective therapy is only utilized as a last
resort (Table 19.7).
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Table 19.3. Causes of perioperative bradycardia.

Cause Treatment

Anesthetic overdosage Lighten the level of anesthesia
Opioids Administer a parasympatholytic
�2-Agonists No treatment
Excessive vagal tone Less stimulation; parasympatholytic

caused by visceral 
stimulation

Hypothermia Rewarm
Hyperkalemia Calcium or insulin-glucose therapy
Sick sinus syndrome Administer a parasympatholytic or 

sympathomimetic
Atrioventricular conduction Administer a parasympatholytic or 

block sympathomimetic
End-stage metabolic Administer a parasympatholytic or 

failure sympathomimetic
Hypoxia Administer oxygen
Parasympathomimetics Administer a parasympatholytic

(e.g., acetylcholine-
sterase inhibitors)

Organophosphates Administer a parasympatholytic
Digitalis Administer a sympathomimetric

Table 19.5. Causes of ventricular ectopic pacemaker activity.

Endogenous release of catecholamines or sympathomimetic 
therapy

Hypoxia or hypercapnia
Hypovolemia or hypotension
Myocardial inflammation, disease, or stimulation (intracardiac 

catheters or pleural tubes)
Thoracic and nonthoracic trauma
Certain anesthetics lower the threshold to endogenous or 
exogenous catecholamines (halothane, xylazine, thiamylal, or
thiopental)

Hypokalemia (potentiated by respiratory or metabolic alkalosis, 
or glucose-insulin therapy)

Hyperkalemia (potentiated by acidosis, hypocalcemia, succinyl-
choline, or may be iatrogenic)

Visceral organ disease (gastric volvulus and/or torsion)
Intracranial disorders (increased pressure or hypoxia)
Digitalis toxicity (potentiated by hypokalemia and hypercalcemia)

Table 19.4. Causes and treatment of tachycardia.

Cause Treatment

Too light a level of anesthesia Deepen the level of anesthesia
Ketamine No treatment
Parasympatholytics (e.g., Give less or by the subcuta-

atropine) neous or intramuscular route
the next time; glycopyrrolate

Sympathomimetics Decrease the infusion rate
Hypovolemia Restore blood volume
Hyperthermia Cool
Hypoxemia Administer oxygen
Hypercapnia Improve ventilation or eliminate 

rebreathing
Individual variation No treatment
Paroxysmal supraventricular Administer verapamil or 

rhythm diltiazem
Recovery phase No treatment
Postoperative pain Administer analgesics
Pheochromocytoma Sypatholytic



Central Venous Pressure 
Central venous pressure (CVP) is the luminal pressure of the in-
trathoracic vena cava. Peripheral venous pressure is variably
higher than CVP, is subject to unpredictable extraneous influ-
ences, and is not a reliable indicator of CVP. CVP is the relation-
ship between central blood volume and central blood volume ca-
pacity. Central blood volume is determined by venous return and
cardiac output. Verification of a well-placed, unobstructed catheter
can be ascertained by observing small fluctuations in the fluid
meniscus within the manometer synchronous with the heartbeat,
and larger excursions synchronous with ventilation. Large fluctu-
ations synchronous with each heartbeat may indicate that the end
of the catheter is positioned within the right ventricle. Direct ob-
servation of the CVP waveform may help identify the proper loca-
tion of the catheter tip (Fig. 19.2). Measurements should be made
during the expiratory pause phase (during either spontaneous or
positive-pressure ventilation) because changes in pleural pressure
affect the luminal pressure within the anterior vena cava.

The normal CVP in small animals is 0 to 10 cm H2O. It is 15
to 30 cm H2O in laterally recumbent horses, and 5 to 10 cm H2O
in dorsally recumbent horses.49 Low-range or below-range val-
ues indicate hypovolemia and suggest that a rapid bolus of fluids
should be administered. Above-range values indicate relative hy-
pervolemia and that fluid therapy should be stopped. CVP is a
measure of the relative ability of the heart to pump the venous re-
turn and should be measured whenever heart failure is a concern.
CVP is also a measure of the relationship between blood volume
and blood volume capacity and could be measured to help deter-
mine the end point for large fluid volume resuscitation. CVP
measurements are used to determine whether there is “room” for
additional fluid therapy in the management of hypotension.

CVP is not a measure of preload (only of preload pressure) and
is a poor predictor of stroke volume or cardiac output.50 Preload
is end-diastolic muscle stretch that, in vivo, is mostly related to
end-diastolic volume, which, clinically, is reflected in the meas-
ure of end-diastolic diameter. CVP is a filling pressure, not a vol-

542 ● Equipment and Monitoring

Table 19.6. Antiarrhythmic drugs.

Drug Mechanism Indication Intravenous Dosage

Lidocaine Sodium-channel blocker VPCs 1–4 mg/kg; 2–6 mg/kg/h
Procainamide Sodium-channel blocker VPCs; APCs 1–4 mg/kg; 2–6 mg/kg/h
Quinidine Sodium-channel blocker VPCs; APCs 5–15 mg/kg
Amiodarone Sodium-channel blocker and other effects VPCs 5 mg/kg over 20 min
Atenolol ß Blocker APCs; VPCs 0.2–1 mg/kg
Esmolol ß Blocker APCs; VPCs 0.2–0.5 mg/kg; 0.5–10 mg/kg/h
Propanolol ß Blocker APCs; VPCs 0.01–0.3 mg/kg
Diltiazem Calcium-channel blocker APCs 0.05–0.25 mg/kg; 0.05–0.3 mg/kg/h
Verapamil Calcium-channel blocker APCs 0.05–0.25 mg/kg

APCs (atrial premature contractions), supraventricular arrhythmia; VPCs (ventricular premature contractions), ventricular arrhythmia.

Table 19.7. Cardiovascular drugs.

Indication

Drug Contractility Heart Rate Vasomotor Tone Intravenous Dosage

Dobutamine ccc cc d 5–15 µg/kg/min
Dopamine ccc cc cc 5–15 µg/kg/min
Epinephrine ccc ccc ccc 0.1–1.0 µg/kg/min
Norepinephrine 0 nc ccc 0.2–2.0 µg/kg/min
Phenylephrine 0 d ccc 1–5 µg/kg/min
Vasopressin 0 d cc 0.5 units/kg

Art Ven
Hydralazine 0 cc dd 0 0.5–1.0 mg/kg
Nitroprusside 0 cc ddd ddd 1–5 µg/kg/min
Acepromazine 0 c d d 0.01 mg/kg
Morphine 0 d d dd 0.1–0.5 mg/kg
Diltiazem dd d d d 0.05–0.25 mg/kg; 0.05–0.3 mg/kg/h
Enalaprilat 0 nc d d 0.01–0.02 mg/kg

Art, arterial; Ven, venous; nc, no change.



ume, and will not be representative of preload in diseases associ-
ated with decreased ventricular compliance (i.e., hypertrophy,
tamponade, and fibrosis). Diastolic performance (relaxation) is
also adversely affected by some anesthetics.51

Arterial Blood Pressure
Arterial blood pressure is a consequence of the relationship be-
tween blood volume and blood volume capacity. Arterial blood
volume is determined by cardiac output and systemic vascular re-
sistance. Arterial blood pressure is a primary determinant of cere-
bral and coronary perfusion. Systolic blood pressure is primarily
determined by stroke volume and arterial compliance. Diastolic
blood pressure is primarily determined by systemic vascular re-
sistance and heart rate. Mean blood pressure is the average pres-
sure: one-half of the area of the pulse-pressure waveform. If the
pulse-pressure waveform were a perfect triangle, mean pressure
would be one-third of the difference between diastolic pressure
and systolic pressure. To the extent that the pulse-pressure con-
tour is not a perfect triangle—a tall, narrow pulse-pressure wave-
form is common—the mean pressure will be closer to diastolic.
The mean arterial blood pressure is physiologically the most im-
portant because it represents the mean driving pressure for organ
perfusion. Many clinical instruments, however, measure only

systolic blood pressure. The relationship between systolic blood
pressure and mean arterial blood pressure is variable, depending
on the shape of the pulse-pressure waveform; systolic blood pres-
sure should always be assessed with this in mind.

Assessment of pulse quality by digital palpation is an evalua-
tion of both the height and width of the pulse-pressure waveform
compared with normal. Tall, wide pulse-pressure waveforms are
seen in sepsis, whereas tall, narrow waveforms occur with a
patent ductus and during cardiopulmonary resuscitation. Small,
narrow pulse-pressure waveforms are seen with small stroke vol-
umes and vasoconstriction. A small stroke volume can be seen
with hypovolemia, poor heart function from any cause, tachycar-
dia, and ventricular arrhythmias. The pulse-pressure waveform is
largely a reflection of stroke volume and vessel size. It is not a
measure of arterial blood pressure per se, although, in a species-
dependent and very general way, vessels with low pressure are
easier to collapse and vice versa. The weak, thready pulse that
occurs with hypovolemia is caused by small stroke volumes and
vessel constriction; patients with this symptom may be nor-
motensive. Peripheral pulse quality (such as the dorsal metatarsal
in dogs) decreases and disappears earlier than it does in larger,
more central arteries (such as the femoral) with progressive hy-
povolemia. The relative pulse quality of more peripheral versus
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Fig. 19.2. Central venous and ventricular
pressure waveforms. CVP, central venous
pressure; and ECG, electrocardiogram.



more central arteries may provide a rough index to the magnitude
of the problem.

Arterial blood pressure can be measured indirectly by sphyg-
momanometry or directly via an arterial catheter attached to a
transducer system. Sphygmomanometry involves the application
of an occlusion cuff over an artery in a cylindrical appendage.
The width of the occlusion cuff should be about 40% of the cir-
cumference of the leg to which it is applied. The occlusion cuff
should be placed snugly around the leg. If it is applied too tightly,
the pressure measurements will be erroneously low because the
cuff itself, acting as a tourniquet, will partially occlude the under-
lying artery. If the cuff is too loose, the pressure measurements
will be erroneously high because excessive cuff pressure will be
required to occlude the underlying artery. Inflation of the cuff ap-
plies pressure to the underlying tissues and will totally occlude
blood flow when the cuff pressure exceeds systolic blood pres-
sure. As the cuff pressure is gradually decreased, blood will
begin to flow intermittently when the cuff pressure falls below
systolic pressure. When this occurs, (a) the manometer pressure
at which needle oscillations begin to occur on the manometer
during cuff deflation (caused by the pulse wave hitting the cuff)
corresponds approximately to systolic blood pressure, and (b) the
manometer pressure at which one can digitally palpate a pulse
distal to the cuff corresponds approximately to diastolic blood
pressure. Doppler ultrasound involves the application of a small
piezoelectric ultrasound crystal over an artery. Some Doppler in-
struments measure blood flow and are used to measure systolic
blood pressure, whereas other instruments generate signals from
the movement of the arterial wall and can be used to measure

both systolic and diastolic blood pressures. Oscillometry ana-
lyzes the fluctuation of pressure in the cuff as it is slowly deflated
and provides a digital display of systolic, diastolic, and mean
blood pressures, and heart rate. Most of these instruments can be
set to recycle at discrete time intervals. Small vessel size and mo-
tion can interfere with measurements.

All external techniques are least accurate when vessels are
small, when the blood pressure is low, and when the vessels are
constricted. Direct measurement of arterial blood pressure is
more accurate and continuous compared with indirect methods,
but requires the introduction of a catheter into an artery by a per-
cutaneous or cut-down procedure. The dorsal metatarsal and ear
arteries in dogs and cats, and the facial and metatarsal arteries in
horses and cows, are commonly used. The subcutaneous tissues
around these arteries are relatively tight, and hematoma forma-
tion at the time of catheter removal is rarely a problem. Once the
catheter is placed, it is connected to a monitoring device. The
catheter must be flushed with heparinized saline at frequent in-
tervals (hourly) or continuously to prevent blood clot occlusion.
The measuring device could be a long fluid administration set
suspended from the ceiling. Fluid is instilled into the tubing via
a three-way stopcock to a very high level and then allowed to
gravitate into the artery until the hydrostatic pressure of the col-
umn of water is equalized with the mean arterial blood pressure
of the patient. Since blood pressure oscillates, leaving the system
open between measurements is not advised because that will let
blood enter the catheter and clot and occlude it. Alternatively, the
measuring device could be an aneroid manometer (Fig. 19.3).
Water or blood must not be allowed to enter the manometer.
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Fig. 19.3. Aneroid manometer system for measuring arterial blood pressure. The intra-arterial catheter is attached to a sterile length of exten-
sion tubing (since the system measures only mean pressure, the tubing does not have to be high-pressure, low-compliant tubing); a three-way
stopcock; another extension tubing; another stopcock; and a third extension tubing, which is attached to the aneroid manometer. A saline-filled
syringe is attached to the first stopcock, which is closed to the patient. Saline is injected into the tubing toward the manometer until the pres-
sure registers at least 150 mm Hg (it needs to be only slightly higher than mean arterial blood pressure). The first stopcock is then closed to the
syringe (opened between the pressurized manometer system and the arterial catheter), and the equilibrated pressure equals mean arterial blood
pressure. Since blood pressure varies, do not leave the system open between measurements; blood will flow into the catheter and clot. This is
an intermittent pressure-measuring device. The second stopcock enables the removal of excess saline from the tubing so that fluid does not
get into the aneroid manometer.



Sterile saline is injected into the tubing toward the manometer
via a three-way stopcock until the compressed air increases the
registered pressure to a level above that of mean blood pressure.
The pressurized manometer system is then allowed to equilibrate
with the mean blood pressure of the patient. Arterial catheters
can also be attached to a commercial transducer and recording
system. The extension tubing between the catheter and the trans-
ducer should not be excessively long and should be constructed
of nonexpansible plastic to avoid damped signals. The transducer
should be “zeroed” periodically and calibrated with a mercury
manometer to verify accurate blood pressure measurements. The
stopcock that is opened to room air for the zeroing process must
be at the level of the heart. With modern patient monitors, the
transducer can be placed anywhere with reference to the patient
(the monitor will compensate internally with an offset pressure
for any vertical differences between the patient and the trans-
ducer). If the relative vertical position between the patient and
the transducer changes, the transducer must be rezeroed. With
older patient monitors without this offset feature, the transducer
and the zeroing stopcock must be placed at the level of the heart.

The fidelity of the reproduction of the pulse-pressure wave-
form by a fluid-filled measurement system is the result of a rather
complex interaction between the frequency response of the meas-
urement system (resonant frequency and damping) and patient
factors such as heart rate and systolic vigor. Generally, the intra-
arterial catheter should be large; the transducer should be placed
close to the patient, with high-pressure tubing connecting the
catheter to the transducer; and the measuring system should be
free of blood clots or air bubbles (Table 19.8). Underdamping oc-
curs when the frequency response of the measuring system is
identical to one of the harmonics of the pulse-pressure waveform.
The recorded waveform will be exaggerated—the systolic pres-
sure will be erroneously high and the diastolic pressure will be
erroneously low; pressure oscillations may override the recorded
waveform (Fig. 19.4). Overdamping occurs also when the fre-
quency response is less than all of the harmonics of the pulse-
pressure waveform. The recorded waveform will be blunted—the
systolic pressure will be erroneously low and the diastolic pres-
sure will be erroneously high; the dicrotic notch is diminished or
absent (Fig. 19.4).

The frequency response of the measurement system can be as-
sessed by the dynamic pressure response test (Fig. 19.5). This in-
volves the sudden release of pressure on the measurement sys-
tem, such as is done by flushing the catheter with the
continuous-flush device. During the flush procedure, the regis-

tered pressure equals that of the pressure bag (>300 mm Hg).
When the flushing procedure is abruptly terminated, the pressure
should return to baseline after about one to two negative and one
to two positive oscillations.52 Ideally, the measuring system
would have a high resonant frequency and low damping. The res-
onant frequency is calculated as 1 s divided by the length of time
of one complete oscillation (peak to peak) (Fig. 19.5). Typical
values are 10 to 50 Hz.52 Damping is calculated as the amplitude
reduction ratio: the height of one-half of a complete cycle (peak
to trough or vice versa) divided by the height of the previous one-
half cycle (Fig. 19.5). Typical values are 0.35 to 0.7.52 The appro-
priateness of the frequency response of the measuring system for
a particular patient is determined by a combination of the reso-
nant frequency and the damping. Underdamping is caused by the
combination of a low resonant frequency and minimal damping.
Overdamping is caused by the combination of a low resonant fre-
quency and excessive damping.

If overdamping or underdamping is noted, check for (and re-
move) blood clots or air bubbles from the measurement system,
exchange low-compliant tubes with rigid tubes, shorten the
length of tubing between the catheter and transducer, make sure
there are no leaks, and eliminate kinks in the tubing or appendage
(if a peripheral artery has been catheterized). If the underdamp-
ing problem continues, add a damping device (longer tubing, less
rigid tubing, and a small air bubble at the transducer).

Normal systolic, diastolic, and mean blood pressures are ap-
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Table 19.8. Key features of a high-frequency response measuring
system.

Large-inside-diameter catheter
Short (as opposed to long) catheter
Large, more central artery (as opposed to a small, peripheral 

artery)
Short-catheter-transducer connecting tubing
Noncompliant tubing
No loose, leaky connections
As few stopcocks as possible
No kinks in the tubing
Hyperflexed appendages avoided when the catheter is in a 

peripheral artery
No air bubbles in the measuring system
No blood clots in the catheter or measuring system (use a 

continuous-flush device)

Fig. 19.4. Underdamping and overdamp-
ing caused by a frequency response of the
measuring system that is the same as one
of the harmonics of the original pressure
waveform or too low, respectively. a: Ideal
pressure waveform. b: Underdamped pres-
sure waveform. c: Overdamped pressure
waveform.



proximately 100 to 140, 60 to 100, and 80 to 120 mm Hg, respec-
tively. In general, one should be concerned when the systolic ar-
terial blood pressure (ABPs) falls below 100 or when the mean
arterial blood pressure (ABPm) falls below 80 mm Hg. In gen-
eral, one should be very concerned when the ABPs falls below 80
or the ABPm falls below 60 mm Hg. Hypotension may be caused
by hypovolemia, poor cardiac output, or vasodilation (Table
19.9). Hypertension (high ABPm) is generally attributed to vaso-
constriction. High ABPs, not associated with a high ABPm, is
generally attributed to an inappropriate frequency response of the
measuring system (for that patient and that time). Hypertension
can cause increased hemorrhage, retinal detachment, increased
intracranial pressure, and high afterload to the heart, and should
be treated when ABPm exceeds 140 mm Hg (Table 19.7). High
ABPm may be produced by a light level of anesthesia, hyper-
thermia, sympathomimetic drugs, hyperthyroidism (thyroxine-
catecholamine synergy), renal failure (renin-angiotensin), pheo-
chromocytoma (epinephrine), or increased intracranial pressure.
In the latter case, the hypertension is most likely caused by the
Cushing’s response, to maintain an adequate cerebral perfusion
pressure, and should not be treated.

Cardiac Output
Poor cardiac output is implied when preload parameters (CVP,
pulmonary artery occlusion pressure, jugular vein distension,
postcava distension on chest radiograph, and end-diastolic diam-
eter on cardiac ultrasound image) are high and the afterload pa-
rameters (cardiac output, arterial blood pressure, and physical
and laboratory measures of tissue perfusion) are low or abnor-
mal. Pulse-quality assessment provides an indirect measure of
stroke volume. Cardiac output is a flow parameter and can be low
even when arterial blood pressure is normal. Cardiac output in
humans is most often measured by thermodilution techniques via
the balloon-tipped pulmonary artery catheter. Lithium adminis-
tration is another indicator-dilution technique that has been
used.53–56 It requires its own detector and computer; cardiac out-
put can be measured only a finite number of times (because of
lithium accumulation); the detector probes are fairly expensive;
and, of course, pulmonary artery pressure and pulmonary artery
occlusion pressure are not measured. Cardiac output can also be
measured by esophageal Doppler ultrasonography, thoracic elec-
trical bioimpedance, and pulse analysis.53,56,57 Cardiac output in
normal, awake dogs is 4.42 ± 1.24 L/min/m2 (165 ± 43
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Fig. 19.5. Dynamic pressure response test to determine natural frequency response of a measuring system. The pressure is suddenly released
and the fluctuations in pressure recorded. a: Optimal: The waveform should oscillate 1 to 1.5 full cycles before returning to baseline. The reso-
nant frequency is calculated as 1 s divided by the duration of one complete cycle (peak to peak or trough to trough). The damping is calculated
as the amplitude reduction ratio of the height of one-half cycle (peak to trough or trough to peak) divided by the previous one-half cycle. b:
Underdamped: The waveform oscillates more than two full cycles. c: Overdamped: The waveform oscillates less than 0.5 full cycle.



mL/min/kg) and is generally decreased by general anesthetics,
except ketamine (Table 19.1). Cardiac output in awake horses is
70 to 90 mL/min/kg and is decreased to 35 to 60 mL/min/kg with
general anesthesia.58–60

Cardiac output may be reduced by poor venous return and end-
diastolic ventricular filling (hypovolemia, positive-pressure ven-
tilation, or inflow occlusion); by ventricular restrictive disease
(hypertrophic or restrictive cardiomyopathy, pericardial tampon-
ade, or pericardial fibrosis); by decreased contractility; by exces-
sive bradycardia, tachycardia, or arrhythmias; by regurgitant atri-
oventricular valves; or by outflow-tract obstruction. Poor cardiac
output should be improved by correcting the underlying problem
when possible. Preload should be optimized. When poor contrac-
tility is thought to be the problem, anesthetic dosage levels
should be decreased to the least amount that will enable the com-
pletion of the surgical procedure. Sympathomimetic therapy
(Table 19.7) is indicated when poor contractility is thought to be
the problem, and fluid therapy and anesthetic drug reduction
have failed to restore acceptable forward-flow parameters.

Oxygen Delivery
Oxygen delivery (DO2) is the product of cardiac output and blood
oxygen content (Fig. 19.1). Some myocardial depression is ex-
pected with general anesthesia, and this could be associated with
a decrease in cardiac output and DO2. In fact, DO2 may be in-
creased or decreased by anesthetic drugs (Table 19.1). A decrease
in DO2 during general anesthesia may not be a problem if oxy-
gen consumption (VO2) is also reduced by muscular inactivity

and hypothermia.61,62 Oxygen consumption, however, like DO2,
is variably affected by anesthetic drugs61,62 (Table 19.1). Critical
DO2, the DO2 below which VO2 decreases linearly, has been re-
ported to be between 160 and 280 mL/min/m2 (6 to 11
mL/min/kg) in dogs.63–66 In critically ill human patients, a mini-
mum oxygen delivery of 550 to 600 mL/min/m2 has been recom-
mended.67,68 From our own experiments (n = 97), DO2 in normal
dogs is 790 ± 259 mL/min/m2 (29.5 ± 8.8 mL/min/kg). Optimal
DO2 was thought to be associated with a minimum DO2 of 600
mL/min/kg because, when DO2 decreased below this level,
oxygen extraction, arteriovenous oxygen content gradient and
arteriovenous partial pressure of carbon dioxide (PCO2) gradient
increased, and central venous partial pressure of oxygen (PO2)
decreased. Alternatively, when cardiac output measurements are
unavailable, oxygen extraction above 30%, arteriovenous oxygen
content gradient above 5 mL/dL, arteriovenous PCO2 gradient
above 5 mm Hg, or central venous PO2 (PvO2) below 40 mm 
Hg may indicate a less than optimal DO2. Most anesthetics (in-
halationals, opioids, and barbiturates, but not ketamine) impair
oxygen extraction and increase the critical DO2 compared with
baseline.69

Pulmonary Monitoring
Breathing Rate, Rhythm, Nature, and Effort
The breathing rate can vary widely, and except for extreme val-
ues is of limited value as a respiratory monitor. A change in
breathing rate, however, is a sensitive indicator of an underlying
change in the status of a patient. Bradypnea may be a sign of
deep anesthesia or hypothermia. There are many causes of
tachypnea, and it is important not to default to the conclusion that
its occurrence represents too light a level of anesthesia (Table
19.10). Arrhythmic breathing patterns are indicative of a problem
with the central pattern generator in the medulla. A Cheyne-
Stokes breathing pattern (cycling between hyperventilation and
hypoventilation) may be seen in otherwise healthy anesthetized
horses and an apneustic breathing pattern (inspiratory hold) may
be seen in otherwise healthy dogs and cats anesthetized with
ketamine.
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Table 19.9. Causes of hypotension.

Low venous return
Hypovolemia
Preexisting dehydration
Blood loss, plasma exudation, or crystalloid transudation at 

operative site
Positive-pressure ventilation
Gastric distension
Iatrogenic inflow occlusion
Poor diastolic function
Hypertrophic cardiomyopathy
Pericardial tamponade
Tachycardia
Fibrosis
Poor systolic function (contractility)
Dilative cardiomyopathy
Negative inotropic effect of anesthetic drugs, ß1 blockers, 

or calcium-channel blockers
Ventricular arrhythmias
Impaired systolic efficiency
Atrioventricular valve insufficiency
Outflow-tract obstruction
Bradycardia
Low systemic vascular resistance
Vasodilating effect of anesthetic or other drugs
Patent ductus arteriosus

Table 19.10. Causes of tachypnea.

Too lightly anesthetized
Too deeply anesthetized
Agonal “gasps”
Hypoxemia
Hypercapnia
Hyperthermia
Hypotension
Sepsis
Atelectasis
Postoperative recovery phase
Postoperative pain
Drug-induced (opioids)
Individual variation



Ventilometry
Ventilation volume can be estimated by visual observation of the
chest or rebreathing bag or measured by ventilometry. Normal
tidal volume ranges between about 8 and 20 mL/kg. A small tidal
volume may be acceptable if the breathing rate is fast enough to
accomplish normal alveolar minute ventilation. Normal total
minute ventilation ranges between 150 and 250 mL/kg/min for
dogs. Dead-space ventilation is about 30% to 40% of tidal vol-
ume and minute ventilation in a normal patient breathing a nor-
mal tidal volume, but may be much higher with shallow breath-
ing, upper-airway dead space, or pulmonary thromboembolism.
Arterial PCO2 (PaCO2) is usually considered to be the definition
of alveolar minute ventilation, and the measured minute ventila-
tion should be appropriate. A large minute ventilation in combi-
nation with a normal (or high) PaCO2 is indicative of a large
dead-space ventilation.

Compliance is calculated as expired tidal volume divided by
the change in pressure that it took to generate the tidal volume. A
change in airway pressure is easy to measure during positive-
pressure ventilation, but to measure the change in transpul-
monary pressure during spontaneous ventilation requires the
measurement of pleural pressure (which is usually done via the
lower esophagus). If, for instance, 10 cm H2O of pressure was re-
quired in order to generate a tidal volume of 10 mL/kg, the com-
pliance would be calculated to be 1 mL/kg/cm H2O. If the meas-
urements are made during the cyclic breathing process, the value
is termed dynamic compliance. If the measurements are made
after an inspiratory pause, the value is termed static compliance.
The manner in which these measurements would usually be ob-
tained during general anesthesia would include a component of
anesthetic-circuit gas compression and breathing-circuit expan-
sion. Since anesthetic circuits and technique vary, you will need
to establish expected values by using your particular equipment
and technique. Compliance is decreased by restrictive pul-
monary, pleural, or thoracic wall disease.

Partial Pressure of Carbon Dioxide
The PaCO2 is a measure of the ventilatory status of a patient and
normally ranges between 35 and 45 mm Hg. PaCO2 values may
be slightly higher in anesthetized small animals and is consider-
ably higher (60 to 80 mm Hg) in anesthetized horses49 (Table
19.2) and cattle.18 A PaCO2 in excess of 60 mm Hg may be as-
sociated with excessive respiratory acidosis and is usually
considered to represent sufficient hypoventilation to warrant
positive-pressure ventilation in small animals. PaCO2 values
below 20 mm Hg are associated with respiratory alkalosis and a
decreased cerebral blood flow that may impair cerebral oxy-
genation.

Venous PCO2 (PvCO2) is usually 3 to 6 mm Hg higher than
PaCO2 in stable states and can generally be used as an approxi-
mation of PaCO2. The venous partial pressure of carbon dioxide
is variably higher in transition states and during hypovolemia or
anemia. PaCO2 may also be estimated by measuring the carbon
dioxide in a sample of gas taken at the end of an exhalation (Fig.
19.6). End-tidal PCO2 is usually 2 to 4 mm Hg lower than PaCO2
in dogs and 10 to 15 mm Hg lower in horses.70 Capnography en-

ables anesthetists to evaluate adequacy of ventilation, and many
other problems, as well (Table 19.11).71–73

An increased arteriovenous PCO2 gradient suggests decreased
tissue perfusion. A note of caution: Do not contaminate the blood
sample with sodium bicarbonate, because that will increase
PCO2 dramatically. The causes of hypercapnia and hypocapnia
are listed in Table 19.12.

Partial Pressure of Oxygen
The PaO2 measures the tension of oxygen dissolved in the
plasma, irrespective of the hemoglobin concentration. The PaO2
is a measure of the oxygenating efficiency of the lungs. The nor-
mal PaO2 is considered to range between 80 and 110 mm Hg
when an animal is breathing room air at sea level. When room air
is being breathed, the PaO2 would normally decrease during gen-
eral anesthesia, because of anesthetic-induced hypoventilation,
increased ventilation-perfusion mismatching, and atelectasis.
Usually, however, anesthetized animals are attached to an anes-
thetic machine and breath 100% oxygen. The PaO2 is usually
above 500 mm Hg in small animals and above 200 mm Hg in
horses.49,58,60 Hypoxemia is usually defined as a PaO2 below 80
mm Hg. Hypoxemia could be caused by low inspired oxygen,
hypoventilation while breathing 21% oxygen, and venous admix-
ture (Table 19.13). A PaO2 below 60 mm Hg is a commonly se-
lected trigger for symptomatic therapy.

PvO2 reflects tissue PO2 and bears no correlation to PaO2.
Mixed or central PvO2 ranges between 40 and 50 mm Hg. Values
below 30 mm Hg may be caused by anything that decreases the
delivery of oxygen to the tissues (hypoxemia, anemia, low car-
diac output, or vasoconstriction) (Fig. 19.1); values above 60 mm
Hg suggest reduced tissue uptake of oxygen (shunting, septic
shock, or metabolic poisons). Venous blood for such evaluations
must be taken from a central vein such as the jugular, anterior
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Table 19.11. Information derived from the capnogram71–73.

Observed Problem Possible Cause(s)

No waveform Apnea; obstructed aspirating tubing
Increased baseline Rebreathing malfunction or contami-

nated sample cell
Increased plateau Hypoventilation or increased rate of 

carbon dioxide production
Decreased plateau Hyperventilation, hypothermia, airway 

To a new, stable level leaks, tachypnea, pulmonary 
thromboembolism, or capnograph 
calibration error

Abruptly to zero Airway obstruction, airway discon-
nect, apnea, or cardiac arrest

Flattened upsweep Small airway narrowing and increase 
(line A in Fig. 19.6) in disparity of alveolar time con-

stants
Flattened downsweep Rebreathing

(line C in Fig. 19.6)
Unstable, fluctuating Spontaneous breathing during 

plateau mechanical ventilation



vena cava, or pulmonary artery; peripheral PvO2 values are
highly variable and difficult to interpret.

Blood gases are measured at the temperature of the blood-gas
analyzer water bath (usually 37°C). Ideally, the animal’s body
temperature would be identical to that of the water bath, but this
seldom occurs. When the animal’s body temperature differs from
that of the water bath, there will be changes in the measured pH
and blood gases associated with the in vitro change in tempera-
ture. There is some debate about whether to correct for these tem-
perature changes. If one wants to know what is actually happen-
ing in a patient and wants to compare the current measurement
with previous measurements, even though there has been a sub-

stantial change in body temperature, the temperature-corrected
values should be used. If a clinician is contemplating therapy to
“fix” an abnormality by using normothermic reference points,
then the uncorrected values should be used.74 “Normal values”
for hypothermic or hyperthermic patients are different than those
for normothermic patients, but these reference values have not
been established for each level of hypothermia or hyperthermia
that occurs.

Hemoglobin Saturation with Oxygen
When red to infrared light is transmitted through a blood sample,
a certain proportion of it will be absorbed by the various hemo-
globins present in the blood sample: oxyhemoglobin, methemo-
globin, carboxyhemoglobin, and reduced hemoglobin. A bench-
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Fig. 19.6. Capnogram. The end-tidal carbon dioxide (CO2) at the end of exhalation should be only a few mm Hg below arterial CO2 partial
pressure. Line A reflects the transition between CO2-free anatomical and alveolar dead-space gases and functional alveolar gases. The slope
of line A reflects variable emptying of fast and slow alveoli (airway disease flattens the slope of line A). Line B, the plateau of the capnogram,
reflects alveolar gas; the slight upward slope to line B represents an increasing alveolar CO2 during exhalation. Line C represents inspiration;
the slope of line C is less steep with rebreathing.

Table 19.12. Causes of hypercapnia and hypocapnia.

Hypercapnia Hypocapnia

Hypoventilation Hyperventilation
Neuromuscular: excessive Light level of anesthesia

anesthetic depth; intracranial, Hypoxemia
cervical, neuromuscular Hyperthermia

Airway obstruction: endotracheal Hypotension
tube; large or small airways Sepsis

Thoracic or abdominal restrictive Postoperative recovery 
disease phase

Pleural space–filling disorder: air, Postoperative pain
fluid, or abdominal viscera Inappropriate ventilator 

Pulmonary parenchymal disease settings
Inappropriate ventilator settings
Malfunctioning/exhausted soda lime
Malfunctioning anesthetic machine: 

dead-space rebreathing

Table 19.13. Causes of hypoxemia.

Low inspired oxygen
Depleted oxygen supply
Maladjusted flowmeter
Insufficient flow in a Bain’s circuit
Anesthetic machine malfunction: dead-space rebreathing
Hypoventilation (when breathing room air)
Venous admixture
Low ventilation/perfusion regions: mild to moderate pulmonary 

parenchymal disease
Small airway and alveolar collapse (no ventilation but perfused 

regions): moderated to severe pulmonary parenchymal 
disease

Diffusion impairment: inhalation injury, oxygen toxicity, or 
inflammatory lung disease

Anatomic right-to-left shunts



top co-oximeter measures and displays values for the first three.
The displayed oxyhemoglobin is functional; that is, it is ex-
pressed as a percentage of the amount of hemoglobin available
for oxygen binding (total hemoglobin minus methemoglobin and
carboxyhemoglobin) as opposed to fractional oxyhemoglobin,
which is expressed as a percentage of total hemoglobin irrespec-
tive of methemoglobin or carboxyhemoglobin. Normal methe-
moglobin and carboxyhemoglobin levels are normally less than
1% each, and so, usually, functional and fractional oxyhemoglo-
bin levels are quite similar. To the extent that either methemoglo-
bin or carboxyhemoglobin are present in large concentrations,
fractional oxyhemoglobin levels will be variably lower than
functional oxyhemoglobin levels.

Hemoglobin-oxygen saturation (SO2) measures the percent
oxygen saturation of the hemoglobin and is related to PO2 by a
sigmoid curve. The clinical information derived from the meas-
urement of arterial SO2 (SaO2) is similar to that obtained from a
PaO2 measurement in that they both are a measure of the ability
of the lung to deliver oxygen to the blood. In this matter, func-
tional oxyhemoglobin is the more meaningful number. The
“numbers of concern” are, however, different. In general, a PO2
of 100 mm Hg is equivalent to an SO2 of 98%; a PO2 of 80 mm
Hg to an SO2 of 95%; a PO2 of 60 mm Hg to an SO2 of 90%; and
a PO2 of 40 mm Hg to an SO2 of 75%. Exact quantitative corre-
lation depends on the hemoglobin affinity for oxygen. The P50 is
the PO2 at which the hemoglobin is 50% saturated and is com-
monly used to define hemoglobin affinity. The P50 for human he-
moglobin is 26 to 28 mm Hg; it is slightly higher for dogs and
goats; much higher for sheep, cats, and cattle; and lower for

horses. Figure 19.7 and Table 19.14 illustrate representative oxy-
hemoglobin dissociation curves for horses, dogs, and cats.

Pulse oximeters attach to a patient externally (e.g., tongue,
lips, tail, or toenail). For most clinical purposes, most pulse-
oximeter readings are sufficiently accurate approximations of
oxyhemoglobin saturation, though accuracy should be verified
by an in vitro standard if possible. There are substantial bias and
precision variations and response times between different com-
mercial products at different levels of saturation.75 Tissue, ve-
nous and capillary blood, nonpulsatile arterial blood, and skin
pigment also absorb infrared light. There is a fairly narrow spec-
trum of wavelengths that passes through skin and yet is absorbed
by hemoglobin. A pulse oximeter must differentiate this back-
ground absorption from that of pulsatile arterial blood. It does
this by measuring light absorbance during a pulse and subtract-
ing from that the light absorbance occurring between the pulses.
If the pulse oximeter cannot detect a pulse, it will not measure
the oxyhemoglobin level.

The accuracy of a pulse oximeter is greatest within the range
of 80% and 95%, and is determined by the accuracy of the em-
pirical formula that is programmed into the instrument.76

Differences in tissue absorption or scatter of light, different
thicknesses of tissue, smaller pulsatile flow patterns and small
signal-to-noise ratios, and incompletely compensated light-
emitting diodes may account for some inaccuracies. Inaccuracies
may also generate from baseline-read errors (motion), differ-
ences in sensor location, and electrical or optical interference.
When a measurement is obtained, it may either be accurate or in-
accurate. When inaccurate, it is usually inaccurately low. When a
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Fig. 19.7. Oxyhemoglobin dissociation curves
for dogs,110 cats,111 and horses.112



low measurement is obtained, particularly when it seems incon-
gruous for the patient’s condition at the time, it might be wise to
retry the measurement in several different locations and then ei-
ther take the average or the highest reading. If methemoglobin or
carboxyhemoglobin were present in high concentrations, they
would absorb light and would impact the measurement made by

a two-wavelength pulse oximeter designed to measure only oxy-
hemoglobin. Because of the biphasic absorption of methemoglo-
bin at both the 660- and 940-nm wavelengths, abnormal accumu-
lations tend to push the oximeter reading toward 85%
(underestimating measurements when SaO2 is above 85%, and
overestimating it when SaO2 is below 85%).77 Carboxyhemo-
globin absorbs light like oxyhemoglobin at 660 nm, but hardly at
all at 940 nm, and this would increase the apparent oxyhemoglo-
bin measurement.78 Fetal hemoglobin produces very little effect
on measured hemoglobin saturation.76 Indocyanine green dye
and methylene blue dye absorb light and will generate falsely
low saturation measurements.76

A pulse oximeter is an ideal perioperative monitor in that it is
an automatic, continuous, audible monitor of mechanical car-
diopulmonary function. It specifically measures pulse rate and
hemoglobin saturation, and it requires a reasonable peripheral
pulse quality in order to achieve a measurement. One of the com-
mon reasons for poor instrument performance is peripheral vaso-
constriction. Its value as an ongoing monitor in detecting hypox-
emia has been established.75,76 The pulse oximeter is not
discriminating for high PaO2 values where the oxyhemoglobin
curve is flat. The difference between a PaO2 of 500 and 100 mm
Hg in an animal breathing 100% oxygen is very important as an
index of lung function; the corresponding decrease in SaO2, from
99% to 98%, would hardly be noticed.

Venous Admixture
Pulmonary dysfunction interferes with the ability of the lungs to
transfer oxygen efficiently from the alveoli to the blood, result-
ing in a lower-than-expected PaO2. Venous admixture is the col-
lective term for all of the ways in which blood can pass from the
right side of the circulation to the left side of the circulation with-
out being properly oxygenated (Table 19.13). Several methods
are used to quantitate lung-oxygenating efficiency (Table 19.15).

Oxygen Content
This parameter can be measured, but is usually calculated: (he-
moglobin concentration � 1.34 [oxygen content of fully satu-
rated hemoglobin] � percent saturation) + (0.003 � PO2).
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Table 19.14. Oxyhemoglobin dissociation curve for dogs110 and
horses112.

PO2 Dogs Horses PO2 Dogs Horses

20 24.4 46.8 72 91.0 95.6
22 28.7 52.9 74 91.7 95.9
24 33.2 58.4 76 92.2 96.1
26 37.8 63.2 78 92.8 96.4
28 42.3 67.4 80 93.2 96.6
30 46.8 71.0 82 93.7 96.8
32 51.0 74.2 84 94.1 97.0
34 55.0 77.0 86 94.5 97.2
36 58.8 79.4 88 94.8 97.3
38 62.3 81.5 90 95.1 97.5
40 65.6 83.3 92 95.4 97.6
42 68.5 84.9 94 95.7 97.8
44 71.3 86.3 96 95.9 97.9
46 73.7 87.6 98 96.2 98.0
48 76.0 88.7 100 96.4 98.1
50 78.0 89.6 102 96.6 98.2
52 79.9 90.5 104 96.8 98.3
54 81.6 91.3 106 96.9 98.4
56 83.1 92.0 108 97.1 98.5
58 84.4 92.6 110 97.2 98.6
60 85.7 93.1 115 97.6 98.7
62 86.8 93.7 120 97.9 98.9
64 87.8 94.1 130 98.3 99.1
66 88.7 94.5 150 98.9 99.5
68 89.6 94.9 200 99.5 99.9
70 90.3 95.3 300 99.9 100.0

PO2, partial pressure of oxygen.

Table 19.15. Formulas for quantifying lung-oxygenating efficiency (venous admixture).

Parameter Formula

Alveolar PO2 (PAO2) ([Barometric pressure � 50] � fractional inspired oxygen) � (PaCO2 � 1.1), where 50 = 
saturated water-vapor pressure at 38.5°C, and 1.1 = 1/RQ when RQ = 0.9

Alveolar-arterial PO2 gradient (for any FIO2) Calculated PAO2 � measured PaO2

PaO2 + PaCO2 (for FIO2 = 0.21 at sea level) Measured PaO2 + measured PaCO2

PaO2/FIO2 (PF) ratio (for FIO2 > 0.4) PaO2/FIO2, where FIO2 is expressed as a decimal fraction between 0.21 and 1.0
Arterial, mixed-venous, and pulmonary (1.34 � Hb � SO2) + (0.003 � PO2), where 1.34 is 100% saturated hemoglobin (Hb) 

capillary oxygen content oxygen content, SO2 is hemoglobin saturation, and PO2 is partial pressure of oxygen in
arterial, mixed-venous, or capillary blood

Venous admixture (for any FIO2) (Capillary O2 content � arterial O2 content)/(capillary O2 content � venous O2 content)

FIO2, fraction of inspired oxygen; PaCO2, arterial carbon dioxide partial pressure; PaO2, arterial oxygen partial pressure; PO2, partial pressure of oxygen;
RQ, respiratory quotient.



Hemoglobin is by far the most important contributor to oxygen
content. The PO2, SO2, and oxygen content are related, but each
measure provides a distinctly different perspective of blood oxy-
genation, and the difference can be important (Table 19.16). An
increased arteriovenous oxygen-content difference (>5 g/dL)
suggests increased oxygen extraction, which is usually attributa-
ble to decreased oxygen delivery.

Renal Monitoring
Urine flow is used as an indirect measure of renal blood flow, and
renal blood flow is used as an indirect measure of visceral blood
flow. Urine output can be assessed by serial palpation of the uri-
nary bladder or by actual measurement after the aseptic place-
ment of a urinary catheter. Normal urine output should be about
1 to 2 mL/kg/h. Maintaining visceral blood flow is, of course, an
important aspect of any anesthetic plan and is generally achieved
by optimizing the circulating blood volume (sufficient, but not
excessive, fluid therapy), monitoring and maintaining forward-
flow cardiovascular parameters, and monitoring of laboratory in-
dices of tissue perfusion (standard base excess, lactate concentra-
tion, and central PvO2). Oliguria or anuria, per se, can be treated,
after ensuring that renal perfusion is adequate, with furosemide
(0.5- to 5-mg/kg bolus ± 0.1 to 0.5 mg/kg/h) or mannitol (0.5-
g/kg bolus ± 0.1 g/kg/h). Statistically, diuretic therapy does not
prevent acute renal failure, but it does facilitate the medical man-
agement of the case.

Temperature Monitoring
Hypothermia
Hypothermia during anesthesia may be associated with anes-
thetic drug depression of muscular activity, metabolism, and hy-
pothalamic thermostatic mechanisms. Heat loss may be aug-
mented by evaporation of surgical scrub solutions from the skin
surface, by the infusion of room-temperature fluids, by contact
with cold, noninsulated surfaces, and by evaporation of surface
fluid from an exposed body cavity. Core temperature can be

measured with either esophageal or rectal thermistors attached to
a continuously displayed thermometer.

Core body temperatures down to 36°C (96°F) are not detri-
mental to patients.79,80 Nonshivering thermogenesis will in-
crease, and there may be some shivering thermogenesis during
recovery. Recovery should not be prolonged in any noticeable
way. Body temperatures of 32° to 34°C (90° to 94°F) are associ-
ated with reduced anesthetic requirements; recovery should be
noticeably prolonged. Animals will shiver if they can, but some
will not shiver and will have to be artificially rewarmed. Body
temperatures of 28° to 30°C (82° to 86°F) have a marked CNS-
depressant effect, and usually no anesthetic agent is required.
Shivering thermogenesis will not occur, and the animal will have
to be rewarmed artificially, at least initially. Atrial arrhythmias
may occur. Oxygen consumption is reduced to about 50% of nor-
mal, heart rate and cardiac output to about 35% to 40% of nor-
mal, and arterial blood pressure to about 60% of normal.79

Cerebral metabolism is about 25% of normal. These decreases in
hemodynamic parameters are secondary to cold-induced hy-
pometabolism. Measurements must be interpreted in this context
rather than in comparison with normothermic values. Body tem-
peratures of 25° to 26°C (77° to 80°F) are associated with pro-
longation of the PR interval and widened QRS complexes, in-
creased myocardial automaticity, and decreased tissue oxygen
delivery out of proportion to decreases in oxygen requirement,
resulting in anaerobic metabolism, lactic acidosis, and rewarm-
ing acidemia. Blood viscosity is about 200% of normal. Body
temperatures of 22° to 23°C (72° to 74°F) are usually associated
with ventricular fibrillation and death.

Intraoperative hypothermia is usually mild to moderate and, as
long as appropriate safeguards are exercised, is seldom detrimen-
tal to patients. The largest problem with intraoperative hypother-
mia is the nonrecognition of it. The continued administration of
normothermic amounts of anesthetic to a hypothermic patient
can produce a relative anesthetic overdose.

Passive rewarming (minimizing further heat loss and en-
abling patients to warm themselves metabolically) is usually ef-
fective in treating mild hypothermia (temperature above 34°C
[94°F]) when a patient is capable of metabolic or shivering
thermogenesis. Intraoperative heat loss can be minimized by
warm room temperatures, insulating barriers between the pa-
tient and table surfaces, and administering warmed fluids.
Active rewarming can be achieved by using circulating warm
water or warm-air blankets, infrared heat lamps (optimal dis-
tance, 75 cm81) or radiant-heat warmers; by placing hot-water
bottles under the drapes (avoid contact with skin if the water
temperature exceeds 42°C); by flushing the abdominal cavity or
colon with warm, sterile, isotonic, polyionic fluids; or by extra-
corporeal techniques.

Aggressive surface rewarming should be avoided in very cold
patients82–84 because peripheral vasodilation may induce exces-
sive hypotension in the face of a cold-depressed heart. Ischemic
peripheral tissues may have accumulated various metabolites,
which may have deleterious cardiovascular effects when large
quantities are washed into the central circulation. The rewarming
rate should be limited to about 1°C/h.80
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Table 19.16. The relationship between partial pressure of oxygen
(PO2), hemoglobin saturation (SO2), and oxygen content under
different clinical circumstances.

O2

PO2 SO2 Hb content 
(mm Hg) (%) (g/dL) (mL/dL)

Normal 100 96.4 15 19.7
Anemia 100 96.4 05 06.8
Methemoglobinemia (50%) 100 96.4 15 10.0
Hypoxemia 040 65.6 15 13.3
Hyperoxemia 500 100 15 21.6

The canine oxyhemoglobin relationship was used for determining SO2. Hb,
hemoglobin concentration. Oxygen content was calculated as (1.34 � Hb �
SO2) + (0.003 � PO2).



Hyperthermia
Fever is a reset thermostat and is caused by the release of endoge-
nous pyrogens (interleukin 1) from monocytes85 in response to
infections, tissue damage, or antigen-antibody reactions. Inter-
leukin 1 stimulates prostaglandin synthesis in the hypothalamic
thermoregulatory center. Hyperthermia, without a reset thermo-
stat, is pathological. It not uncommonly occurs in large dogs that
are cocooned within many layers of drapes on an operating table.
Hyperthermia may be potentiated by surface vasoconstriction,
light levels of anesthesia, and ketamine administration.

Mild degrees of hyperthermia are not, per se, harmful to pa-
tients and may represent an appropriate response to an underly-
ing disease (fever or infection). Mild hyperthermia (below 40°C
[104°F]) does not normally require treatment, per se. Cell dam-
age starts at body temperatures above 42°C (108°F), when oxy-
gen delivery can no longer keep pace with the racing metabolic
activity and increased oxygen consumption. Severe hyperthermia
causes multiple organ dysfunction and failure: renal, hepatic, and
gastrointestinal failure; myocardial and skeletal muscle damage;
cerebral edema; disseminated intravascular coagulation; hypox-
emia; metabolic acidosis; and hyperkalemia.86

Malignant hyperthermia—a rapidly, relentlessly, progressive
increase in body temperature—is associated with the metabolic
heat production of disturbed intracellular calcium recycling at
the sarcoplasmic reticulum.87,88 Muscle hypertonicity may or
may not occur, depending on the calcium concentration in the
sarcoplasm. The defect has been identified in families of people
and pigs, and a malignant hyperthermia-like syndrome has been
reported in dogs,89,90 cats,91,92 and horses.93,94 Aggressive cool-
ing of the animal, by any and all means possible, is indicated.
Dantrolene administration (2.5 to 10.0 mg/kg intravenously) is
the specific and often effective treatment for this syndrome.

Surface-cooling techniques are most effective with room-
temperature fluids. The evaporation of the water from the skin
surface causes the cooling. Ice water causes vasoconstriction that
impedes heat loss from the core until skin temperature is below
10°C, at which time vessel paralysis and vasodilation occur, and
core temperatures decrease precipitously.95 Convective heat loss
can be enhanced with fans. Conductive heat loss can be enhanced
with ice packs. The administration of large volumes of cold crys-
talloid fluids intravenously into the colon or stomach or into a
body cavity is an effective internal cooling technique. The ad-
ministration of antipyretic drugs (antiprostaglandins, dipyrone,
or aminopyrine) is generally an effective treatment for fever, but
is ineffective for pathological hyperthermia.

Laboratory Monitoring
Hemoglobin
Whether or not animals are anemic prior to the operative proce-
dure, hemoglobin concentrations will be decreased intraopera-
tively by anesthetic-induced vasodilation and splenic dilation,
non-hemoglobin-containing fluid administration, and blood loss.
Historically, in humans, the trigger for a hemoglobin transfusion
has been a hemoglobin concentration of 10 g/dL (a packed cell
volume [PCV] of 30%).96 Recent studies in humans have sug-

gested that a more relaxed trigger of 7 g/dL (PCV = 21%) is as-
sociated with at least as good, and perhaps better, morbidity and
mortality statistics.96 In veterinary medicine, in animals with im-
mune-mediated hemolytic anemia, it is well accepted to withhold
blood transfusions until the hemoglobin concentration is below 5
g/dL (PCV = 15%). In human medicine, in Jehovah Witness pa-
tients, mortality rate does not increase significantly until the he-
moglobin concentration is 5 g/dL (PCV = 15%).96 There are
many examples of human and veterinary patients surviving much
greater levels of anemia.

It may not actually be possible to define a minimum hemoglo-
bin concentration, given the complexities of cardiac output and
oxygen-extraction compensatory mechanisms. An animal can
tolerate greater degrees of anemia if it has the wherewithal to in-
crease cardiac output. If cardiac output were routinely measured,
DO2 could be calculated, which would eliminate some of the
guesswork, but cardiac output is seldom measured. Anesthetic
agents commonly decrease myocardial contractility and cardiac
output (Tables 19.1 and 19.2), and oxygen extraction is often im-
paired during general anesthesia,69 so it would be predicted that
anesthetized patients require a hemoglobin concentration higher
than the bare minimum. Metabolic markers of poor tissue oxy-
genation, such as a low PvO2, a high arteriovenous oxygen-
content gradient, or a high arteriovenous PCO2 gradient, may
help guide the need for hemoglobin transfusions. Lactic acidosis
is a late, after-the-fact (but usually before-the-death) index of in-
adequate tissue perfusion.

Blood may need to be administered in volumes of 10 to 30
mL/kg, depending on the magnitude of anemia. Cats have a small
blood volume (50 to 55 mL/kg) compared with most other
species, and bolus dosages of all fluids should be approximately
50% of canine recommendations. The amount of blood to admin-
ister can also be calculated: (desired PCV � current PCV) �

body weight (kg) � 2 mL whole blood (or 1 mL packed red
blood cells).

Oncotic Pressure
Plasma oncotic pressure is an important vascular fluid–retention
force. When depleted, there is an increased risk of interstitial
edema, but, because of an offsetting decrease in perimicrovascu-
lar oncotic pressure, it is not as edemagenic as might be ex-
pected. An increased capillary hydrostatic pressure or vascular
permeability are, in contrast, potent causes of edema. Colloidal
osmotic pressure (COP) can be measured: Values in normal ani-
mals are 20 to 25 mm Hg. Values of 15 to 20 mm Hg are com-
mon in anesthetized and critically ill patients, but are not thought
to be of important concern. Values in the low teens should trigger
therapy, and values in the single digits should cause great con-
cern. COP can be qualitatively approximated from an albumin
measurement (albumin normally accounts for about 70% of the
COP). Albumin values in normal dogs, cats, and horses are 2.9 to
4.2, 1.9 to 3.9, and 2.3 to 3.6, respectively. A 50% decrease in al-
bumin is associated with about a 50% reduction in COP and so
on. COP can also be approximated by calculation from albumin
and globulin measurements:97 dogs, �7.748 + (5.201 � albu-
min) + (4.857 � globulin); cats, �4.857 + (5.903 � albumin) +
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(3.378 � globulin); and horses, �4.3845 + (5.501 � albumin) +
(2.475 � globulin).

The cheapest way to augment COP is to administer an artifi-
cial colloid such as dextran 70 or hetastarch in bolus dosages (if
volume augmentation is also desirable) of 10 to 30 mL/kg or in
continuous infusions of 1 to 2 mL/kg/h. Plasma may be indicated
if there are concurrent coagulation issues, and whole blood may
be indicated if there are concurrent hemoglobin issues.

Bear in mind a note of caution regarding patients with porto-
caval shunts, which are often presented with single-digit colloid
osmotic pressures. Aggressive colloid administration to “get the
COP out of the basement” should be avoided because it upsets
the COP–capillary hydrostatic pressure balance and causes
edema.

Coagulation
Animals bleed perioperatively either because of a cut large ves-
sel or coagulopathy. The latter can be caused by coagulation or
platelet problems. Coagulation is assessed by in vitro tests such
as partial thromboplastin time (PTT; normal values are labora-
tory dependent: 9 to 18 s), activated clotting time (ACT; <120 s
at 37°C), and whole blood clotting time (<4 min at 37°C; 8 min
at room temperature). The PIVKA test assesses for proteins in-
duced by vitamin K antagonists (normal, 15 to 18 s). Elevated
fibrin degradation products represent activation of the clotting
and fibrinolytic cascades, and an elevated d-dimer level repre-
sents fibrinolysis. The results of these tests are usually normal to
slightly abnormal in normal animals.98–100 Decreased antithrom-
bin (normal: dogs, 80% to 140%; and horses, 130% to 220%100)
may be indicative of a protein-losing “-opathy” and a prothrom-
botic state or may represent consumption and disseminated in-
travascular coagulation (DIC). Platelet numbers can be assessed
with a platelet count or a platelet screen on a blood smear (nor-
mal, 12 to 25 platelets per oil-emersion field, in a good blood
smear without platelet clumping; the platelet count is estimated
as 15,000 � the number of platelets per oil-emersion field).
Platelet function can be assessed by examining for petechia or a
buccal mucosal bleeding time (normal, <4 min). Thromboelas-
tography, which provides an integrated assessment of clot forma-
tion, can be used to assess for hyper- or hypocoagulopathy.101,102

Coagulopathies may or may not need to be treated. If bleeding
is minor and not into a vital organ, and blood can easily be re-
placed by transfusion, specific therapy may not be necessary.
Specific treatment with fresh plasma is necessary if platelets are
required; fresh-frozen plasma is used if platelets are not required,
but labile factors such as von Willebrand’s factor, factor 8, or an-
tithrombin are required. For vitamin K antagonist poisoning, any
kind of plasma will suffice. The goal of plasma therapy is to stop
the bleeding, not to return the abnormal laboratory test to normal.
The latter would be very expensive and would probably not even
be possible because of concerns about hypervolemia.

Glucose
An adequate level of blood glucose is important for cerebral me-
tabolism. Hypoglycemia might occur during general anesthesia,
but is most common as a nonspecific hormonal response to the

stress of anesthesia and operation. A blood glucose concentration
below 60 mg/dL should be treated with a 2.5% to 5.0% glucose
infusion. Severe hypoglycemia should be treated, in addition,
with a bolus of glucose (0.1 to 0.25 g/kg). There is growing evi-
dence that persistent moderate hyperglycemia (>200 mg/dL; >11
mM/L) in the intensive care setting is associated with signifi-
cantly poorer outcomes.103–105 In this setting, it has been recom-
mended to enforce glycemic control with insulin in quantities
sufficient to maintain the blood glucose concentration below 150
to 200 mg/dL (8 to 11 mM/L).104,105 Whether short-term hyper-
glycemia, as would occur with a typical anesthetic-surgical expe-
rience, is detrimental has not been investigated.

Metabolic Acid-Base Status
Metabolic and lactic acidosis result from inadequate tissue oxy-
genation. The marker for metabolic acidosis is a decreased bicar-
bonate concentration (normal: 20 to 24 mEq/L in dogs, 18 to 22
mEq/L in cats, and 24 to 28 mEq/L in horses), a decrease in total
carbon dioxide concentration (a value 1 to 2 mEq/L higher than
bicarbonate), or an increase in the base deficit (normal: 0 to �4
mEq/L in dogs, �3 to �7 in cats, and 4 to 0 in horses). Lactate
is the marker for lactic acidosis (normal, <2 mM/L), which is
usually presumed to represent inadequate tissue oxygena-
tion.106,107 However, the lactate level can also be elevated as a re-
sult of catecholamine-stimulated Na-K-ATPase activity.108 A
word of caution: Do not contaminate the blood sample with lac-
tated Ringer’s solution because that will cause a proportionate in-
crease in the measured lactate concentration.

Mild to moderate metabolic acidosis does not need to be
treated specifically; correction of the underlying problem should
suffice. Severe metabolic acidosis (pH < 7.20) may benefit from
therapy with sodium bicarbonate: desired base deficit � meas-
ured base deficit � body weight (kg) � 0.3. These dosages of bi-
carbonate should be administered over a period of at least 20
min, and preferably longer.

Sodium
Sodium concentration is important to transcellular fluid flux, and
it is important in fluid therapy not to change it too much, too rap-
idly. Abrupt changes of sodium concentrations of more than
about 15 to 17 mEq/L (in either direction) should be avoided be-
cause they may be associated with untoward transcellular water
shifts and irreversible brain damage.109 Baseline sodium concen-
trations below 130 or above 165 mEq/L in dogs must especially
be changed slowly (1 mEq/L/h when treating hypernatremia and
0.5 mEq/h when treating hyponatremia). Decreasing the sodium
concentration too fast causes immediate intracellular edema
(within hours), whereas increasing it too fast causes hemorrhage
and central myelinolysis in 3 to 5 days.

Potassium
Hypokalemia is by far the most common electrolyte problem in
critically ill animals, but hyperkalemia can also occur. Both are
usually preexisting problems. Severe hypokalemia causes hyper-
polarization of electrically excitable cells and, eventually, paral-
ysis. Hypokalemia is potentiated by sodium bicarbonate therapy,
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respiratory alkalosis, and �2-agonist therapy. Severe hy-
pokalemia should be treated with a potassium infusion (up to 0.5
mEq/kg/h). Severe hyperkalemia causes hypopolarization of
electrically excitable cells and myocardial arrhythmias and fibril-
lation, decreased conduction and contractility, and asystole.
Severe hyperkalemia can be treated with either calcium glu-
conate (0.5 mL of 10% solution per kilogram) or 0.1 to 0.25 units
of regular insulin per kilogram, followed by the infusion of 0.5 to
1.5 g/kg of glucose over the next 2 h.

Calcium
Hypocalcemia (ionized) could be a preexisting problem or could
result from the administration of citrated blood products. Hypo-
calcemia can be potentiated by sodium bicarbonate therapy and,
for unknown reasons, is commonly observed with hypothermia.
Hypocalcemia can decrease myocardial contractility and cause
vasodilation. There is no broad agreement as to when hypocal-
cemia should be treated, but, as a general guideline, ionized con-
centrations below 0.75 mM/L should perhaps be treated. Calcium
gluconate can be administered as a bolus (0.5 mL of the 10% so-
lution [9.3 mg/mL or 0.47 mEq/mL] per kilogram) or as an infu-
sion of 0.5 to 1.5 mL of the 10% solution/kg/h.

Magnesium
Hypomagnesemia is usually a preexisting problem associated
with malnutrition or refeeding, diuretic therapy, or diabetic ke-
toacidosis. It can also result from the administration of citrated
blood products. Hypomagnesemia is generally associated with
widespread cellular dysfunction manifested by neuromuscular
excitability (muscle twitching, fasciculations, and tetany) and
eventually paralysis. Hypomagnesemia may also be associated
with ventricular arrhythmias and refractory hypokalemia, hy-
pophosphatemia, hyponatremia, and hypocalcemia.

Hypomagnesemia should be treated if the ionized portion is
less than 0.2 mM/L (0.45 mg/dL). A dose of magnesium sulfate
(0.1 to 0.2 mEq/kg) can be administered slowly intravenously.
Magnesium sulfate can then be administered at a daily dosage of
0.25 to 1.0 mEq/kg/day (3 to 12 mg/kg/day) as a continuous-rate
infusion.
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Introduction
The popularity of local anesthetic-induced neural blockade in
dogs has increased over the past several years. A major driving
force behind this increased usage is acceptance of the concept of

blocking multimodal pathways to control animals’ pain and suf-
fering. Unlike most general anesthetics, which block the percep-
tion of pain by inducing anesthesia in an unconscious patient,
local anesthesia and regional anesthesia completely block trans-
mission of noxious impulses in a region of the body of a con-
scious patient. General anesthesia may be advantageous in dogs
that are considered difficult to sedate and restrain for surgery and
where complete immobilization and relaxation of the patient are
required. Local and regional anesthesia also decreases the quan-
tity of opioid and inhalation anesthetic required to obtain the de-
sired plane of anesthesia intraoperatively.1 Topical anesthesia, in-
filtration anesthesia, field blocks, selected nerve blocks of the
head (anesthesia of the maxilla, upper teeth, eye and orbit, man-
dible, and lower teeth), anesthesia of the foot and leg (ring block,
brachial plexus block, and intravenous regional anesthesia), mul-
tiple intercostal nerve blocks, lumbosacral epidural anesthesia,
and continuous epidural anesthesia are all logical techniques for
providing surgical analgesia and anesthesia in dogs that are
considered at risk for inhalant or intravenous anesthesia (Table
20.1). Continuous interpleural analgesia and epidural opioid
analgesia can be used to relieve postoperative pain following
general anesthesia.

This chapter provides a general overview of the most com-
monly used local and regional anesthetic techniques for surgical
and postoperative pain relief in dogs, emphasizing methodology,
advantages, and disadvantages. The pharmacology of local anes-
thetic drugs, highlighting the mechanisms of action, relevant
pharmacology and pharmacokinetics, toxicity, and potential drug
interactions, are discussed in Chapter 14.

Topical Anesthesia
Many local anesthetics are effective when placed topically on
mucous membranes and may be used in the mouth, tracheo-
bronchial tree, esophagus, and genitourinary tract. Local anes-
thetics used topically include lidocaine (2% to 5%), proparacaine
(0.5%), tetracaine (0.5% to 2.0%), butacaine (2%), and cocaine
(4% to 10%). Preparations include injectables that are applied
topically, cream, ointment, jelly, powder, and aerosol. Injectable
preparations of lidocaine (0.5% to 5.0%), available in ampules
and vials, with and without epinephrine (1:50,000 to 1:200,000),
can be used for infiltration (0.5% to 1.0%) and nerve block (1%
to 2%), and applied topically to mucous membranes (1% to 5%).
Topical local anesthetic agents can relieve pain during cleaning
or dressing of wounds, although their effect is highly variable.
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The lowest effective dose of topical anesthetic should always be
used in order to prevent toxicity from excessive drug plasma con-
centrations.2 Time between application of topical anesthetics and
onset of anesthesia is generally longer, and pain relief less, than
that achieved with infiltration anesthesia. A 2% to 4% solution of
lidocaine used for topical anesthesia on mucous membranes pro-
duces effects in approximately 5 min and lasts for 30 min.

Local instillation of proparacaine (0.5%), tetracaine (0.5% to
1.0%), butacaine (2%), piperocaine (2%), oxybuprocaine (0.4%),
or cocaine (1% to 4%) into the conjunctival sac anesthetizes the
cornea and conjunctiva for short procedures (e.g., removal of hy-
pertrophied gland of the third eyelid). Proparacaine (0.5%) has
been advocated as an excellent topical anesthetic for examination
of a painful eye, removal of foreign bodies, sutures, obtaining
conjunctival scrapings, and subconjunctival injections.3 Anes-
thesia occurs rapidly (1 to 6 min), lasts for 10 to 15 min after sin-
gle instillation, and may last for up to 2 h after repeated instilla-
tion without untoward effects (e.g., irritation or epithelial
damage).4 A series of three to five instillations of 1 or 2 drops of
proparacaine at approximately 1-min intervals may be necessary
to produce satisfactory anesthesia of the cornea and conjunctiva.
Topical anesthesia is very safe, is simple to apply, and can be re-
peated, although dogs may resent the application of cold solu-
tions. Data on vascular uptake and maximum blood concentra-
tion are not available, large interpatient variability should be
expected, and potential for bacterial contamination exists.5

Local anesthetic sprays (10% lidocaine or 14% to 20% benzo-
caine) anesthetize the mucosa up to a depth of 2 mm within 1 to
2 min after application. Anesthesia lasts for approximately 15 to
20 min. The movable nozzle (Jetco nozzle) of the spray can en-
able easy access to the site of application. Pressure on the noz-
zle with the forefinger delivers a specific quantity of the anes-
thetic each second (10 mg of lidocaine from a 10% lidocaine

spray can). The average expulsion rate from a benzocaine (Ceta-
caine) spray can is 200 mg/s.

Endotracheal tubes are frequently coated with local anesthetic
jells but should not be lubricated with jelly containing 20% ben-
zocaine hydrochloride. Topical sprays and ointments containing
14% to 20% benzocaine reproducibly cause dose-dependent
methemoglobinemia. Preparations with over 8% benzocaine in-
clude Hurricane Spray (20%), Hurricane Topical Anesthetic Gel
(20%) and Liquid (20%), Camphophenique Sting Relief Formula
(20%), Dermoplast Anesthetic Pain Relief (20%), and Cetacaine
Spray (14%).6 Exposure of the tracheal mucosa to topical benzo-
caine oxidizes blood hemoglobin in dogs in proportion to the ab-
sorbed dose within 10 min. Methemoglobin cannot bind oxygen
or carbon dioxide.7 Dogs are usually asymptomatic when con-
centrations of methemoglobin are less than 20%, but show fa-
tigue, weakness, dyspnea, and tachycardia at concentrations be-
tween 20% and 50%.8 Laryngeal sprays containing benzocaine
should be used with caution, and if signs of cyanosis and respi-
ratory distress develop, methemoglobinemia should be consid-
ered. In general, benzocaine should be used sparingly and cau-
tiously while continuously monitoring for cyanosis. Patients at
risk of hypoxia after using benzocaine topical anesthesia should
receive oxygen6 and intravenous methylene blue (1.5 mg/kg)
therapy.8

One of the oldest forms of topical anesthesia is superficial
cooling. Ethyl chloride can be used to freeze a small local area of
skin for punctures, skin biopsy, or incision of small abscesses.
Ethyl chloride is sprayed on the skin for 3 to 7 s from an inverted
bottle and a distance of 10 to 20 cm, with the jet stream aimed so
that it meets the skin at an acute angle to lessen the shock of im-
pact (Fig. 20.1). Surface anesthesia results from cooling (<4°C),
which occurs during the evaporation process. Attempts to freeze
large skin areas by using ethyl chloride are contraindicated be-
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Table 20.1. Classification and degree of required dexterity for producing local and regional anesthetic techniques in dogs.

Classification Techniques Required Manual Dexterity and Experience 

Terminal anesthesia Topical +
Intravenous regional anesthesia ++

Infiltration anesthesia Subcutaneous, intramuscular injection +
Subpleural injection ++
Ring block +

Perineural anesthesia Nerve blocks on the head ++
Nerve blocks on the legs +++
Brachial plexus block ++
Intercostal nerve block +

Spinal anesthesia Lumbosacral epidural anesthesia ++
Continuous epidural anesthesia (catheter technique) +++
Lumbar subarachnoid anesthesia +++

Postoperative analgesia Epidural opioid analgesia ++
Continuous epidural opioid analgesia (catheter technique) +++
Interpleural regional analgesia (catheter technique) +++

Therapeutic analgesia Anesthesia of the cervicothoracic ganglion +++
Anesthesia of the lumbar sympathetic ganglia +++

+, little; ++, some; +++, considerable.



cause of the potential for frostbite. Ethyl chloride’s brief action
(<2 min), ability to produce a freezing sensation, and flammabil-
ity when exposed to open flames and electric sparks (electrocau-
terization) limit its use. Inhalation of ethyl chloride should be
avoided because it may produce narcotic and general anesthetic
effects, or fatal coma with respiratory and cardiac arrest.

Pontocaine cream and a liposomal tetracaine preparation
(0.5% tetracaine encapsulated into phospholipid vehicles) effec-
tively penetrate human skin within 30 to 60 min of application,
producing long-lasting (>4 h) analgesia.9 The most clinically us-
able cream contains a 5% eutectic mixture of 2.5% lidocaine and
2.5% prilocaine (EMLA cream), which overcomes the human
stratum corneum barrier within 1 h of topical application without
adverse effects.10 The usefulness of EMLA cream in dogs has
been reported.11

Infiltration Anesthesia
Local infiltration of local anesthetics requires their extravascular
placement by direct injection and may be the most reliable and
safest of all the local anesthetic techniques (Table 20.1). Lido-

caine (0.5% to 2.0%) is the local anesthetic most often used for
infiltration. Only sharp and sterile needles should be used. Local
anesthesia can be produced by multiple intradermal or subcuta-
neous injections of 0.3 to 0.5 mL of local anesthetic solution by
using a 2.5-cm, 22- to 25-gauge needle or by using a longer nee-
dle (3.75 to 5.0 cm) and slowly injecting local anesthetic while
advancing the needle along the line of proposed incision (linear
infiltration). Pain is minimal if the needle is advanced slowly into
the first desensitized wheal and successive injections are made at
the periphery of the advancing wheal. This technique assures that
the dog senses only the initial needle insertion. Intradermal dep-
osition of local anesthetic over a superficial abscess, cyst, or
hematoma is a routine procedure. Infection along the filtration
site will not occur if the needle has not entered the abscess. The
amount of local anesthetic used for infiltration anesthesia de-
pends on the size of the area to be anesthetized. Approximately 2
to 5 mg/kg of lidocaine or mepivacaine and 4 to 6 mg/kg of pro-
caine without epinephrine may be used to diffuse into surround-
ing tissue from the site of injection and anesthetize the nerve
fibers and endings. Large amounts of relatively dilute solutions
are often infiltrated into operative sites. The lowest possible con-
centration of local anesthetic that will produce the desired effect
should be administered. For example, an average dog (20 kg) will
tolerate approximately 50 mL of 0.5% lidocaine without demon-
strating signs of toxicity, whereas only 20 to 30 mL of 1% lido-
caine or 10 to 15 mL of 2% lidocaine can be injected. The local
anesthetic may be diluted in 0.9% sodium chloride solution (not
with sterile water) to a 0.25% solution if a large volume of local
anesthetic is needed for infiltration of a large operative area. The
total dose of drug administered should be reduced by 30% to
40% in old dogs (>8 years) and sick or cachectic dogs in poor
condition.12

Alternatively, approximately 5 to 8 mg/kg of local anesthetic
with epinephrine (1:200,000) may be used for infiltration to pro-
duce local vasoconstriction, which reduces absorption rates
(30%) and helps to maintain a high drug concentration at the
nerve fiber, thus increasing the local anesthetic effect and dura-
tion (50%). Local anesthetics containing epinephrine should not
be injected into tissues supplied by end arteries (e.g., ears and
tail) or in thin and dark-skinned dogs (e.g., poodles) because of
the risk of severe vasoconstriction, local ischemia, and necrosis.
Epinephrine increases the potential risk of cardiac arrhythmias
(e.g., sinus tachycardia, ventricular tachycardia, and ventricular
fibrillation in a halothane-sensitized heart), although this has not
been a problem when administered in conjunction with lidocaine
in dogs. Hearts sensitized to ventricular arrhythmias with
halothane do not develop serious ventricular arrhythmias when
given lidocaine (1.3 to 7.9 mg/kg) containing epinephrine (0.3 to
1.9 mg/kg) in doses found in lidocaine-epinephrine mixtures
used commonly for local anesthesia.13 Subfascial and intra-arte-
rial injections must be avoided.

Continuous-Infiltration Anesthesia
This can be accomplished by the use of a continuous catheter-in-
sertion system and a disposable infusion pump (Fig. 20.2).14 A
sterile multipore catheter is placed within the surgical incision
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Fig. 20.1. Ethyl chloride is sprayed on the skin to produce surface
anesthesia.



(e.g., total ear-canal ablation with lateral bulla osteotomy [Fig.
20.3A], forelimb amputation [Fig. 20.3B], or median and lateral
thoracotomies) at the end of the surgical procedure. The catheter is
connected to an elastomeric reservoir infusion pump (Pain Buster
Soaker system; Orthopedics, Vista, CA), which is filled with local
anesthetic (i.e., lidocaine, mepivacaine, or ropivacaine) to its full
capacity (65, 100, 270, or 335 mL) to deliver the local anesthetic
at a constant rate (0.5, 2.0, 4.0, or 5.0 mL/h) for several days. The
Pain Buster Soaker technique is generally well tolerated, produc-
ing good postoperative analgesia for up to 50 h, with no acute local
anesthetic toxicity, hemodynamic instability, or breakthrough
pain.15 Side effects, such as nystagmus, restlessness, apprehension,
and vomiting, are readily treated by removing the pump.

Field Block
This technique can be used for anesthetizing large areas. First, in-
tradermal or subcutaneous linear infiltration is produced around
the lesion as previously described. Local anesthetic is then de-
posited in the deeper tissues by passing the needle through the

desensitized skin far enough to infiltrate the deep nerves supply-
ing the area (Fig. 20.4).16

Intraperitoneal Infusion
The efficacy of intraperitoneal administration of either lidocaine
(2%, 8.8 mg/kg with epinephrine 5 µg/mL), bupivacaine (0.75%,
2.2 mg/kg), or 0.9% sodium chloride solution, and additional
subcutaneous injection of 2 mL of the assigned solution prior to
incisional closure, has been evaluated for analgesia in 10 dogs
upon completion of ovariohysterectomy.17 Surgery was per-
formed with the patient under general anesthesia (acepromazine-
butorphanol-thiopental-isoflurane). No adverse side effects were
observed. Pain scores, using the visual analogue scale (VAS),
peaked for all groups at 0.5 h and returned to baseline by 18 h.
Dogs in the bupivacaine group had significantly lower pain
scores at 0.5 h than did the dogs in the 0.9% saline group.
Butorphanol and/or acepromazine (0.22 mg/kg intramuscularly
[IM] or intravenously [IV]) was given to provide supplemental
analgesia to 7 of 10 dogs in the saline group, 4 of 10 dogs in the
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Fig. 20.2. Pain management system for continuous local anesthetic infiltration. The Pain Buster Soaker/ON-Q (I-Flow, Lake Forest, CA) pro-
vides continuous administration of local anesthetic into the surgery site for 1 to 5 days: (1) 100 mL of 2% lidocaine hydrochloride solution; (2)
60-mL syringe; (3) fill port with protection cap; (4) E-clip to secure the pump; (5) Pain Buster pump; (6) clamp; (7) pump tubing; (8) filter; (9) flow
restrictor, 2-mL/h flow rate if placed in direct contact with the skin (31°C); (10) luer lock on the catheter connector; (11) radiopaque, fenestrated
soaker catheter, with a 20-gauge, 59-cm long, 6.5–cm infusion segment; and (12) split-introducer sheath with the needle partially withdrawn
from the needle guard.
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Fig. 20.3. Pain therapy by using the Pain Buster Soaker: black Labrador (39 kg) after total ear-canal ablation (A). The Pain Buster pump is
placed into a protective bag hanging beneath the neck. Lidocaine (2%) continuously infiltrates the wounds at a constant rate (2 mL/h) for sev-
eral days. The numbers refer to the same system components as described in Fig. 20.2 (B).

Fig. 20.4. Field block producing walls of anesthesia enclosing the surgical field.

B



lidocaine group, and 2 of 10 dogs in the bupivacaine group.
These findings can be interpreted as support for the use of in-
traperitoneal and subcutaneous bupivacaine for postoperative
analgesia following ovariohysterectomy in dogs.17,18

Nerve Blocks
Injection of local anesthetic solution into the connective tissue
surrounding a particular nerve produces loss of sensation (sen-
sory nerve block) and/or paralysis (motor nerve block) in the re-
gion supplied by the nerves (regional anesthesia). Smaller vol-
umes (1 to 2 mL) of local anesthetic are needed to produce nerve
blocks when compared with a field block, thereby reducing the
danger of toxicity.

Three supplemental methods of pain relief in 31 anesthetized
dogs undergoing total ear-canal ablation with lateral bulla os-
teotomy have been compared.19 The use of systemic opioids alone
(e.g., oxymorphone, 0.05 mg/kg IV), intraoperative splash block,
using bupivacaine (0.5% solution, 1.0 mg/kg per ear), and preop-
erative nerve block of the great auricular nerve (cervical nerve II)
and the auriculotemporal nerve (cranial nerve V), using bupiva-
caine (0.5% solution, 0.5 mL per site), provided similar pain re-
lief, although 33% of the dogs required additional analgesia or
tranquilization after surgery. Rectal temperature, pulse rate, respi-
ratory rate, and postoperative serum cortisol concentrations in
dogs were not significantly different among groups (P < 0.05).

Regional Anesthesia of the Head
The administration of local anesthetic around the infraorbital,
maxillary, ophthalmic, mental, and alveolar mandibular nerves

provides valuable and practical advantages over general anesthe-
sia when combined with effective sedation (Fig. 20.5). Each
nerve may be desensitized by injecting 1 to 2 mL of a 2% lido-
caine hydrochloride solution by using a 2.5- to 5-cm, 20- to 25-
gauge needle.

The infraorbital nerve is desensitized at its point of emergence
from the infraorbital canal. The needle is inserted either intra-
orally20 or extraorally approximately 1 cm cranial to the bony lip
of the infraorbital foramen.21,22 The needle is advanced to the in-
fraorbital foramen, which can be found between the dorsal bor-
der of the zygomatic process and the gum of the upper canine
tooth (Fig. 20.5A). Successful injections desensitize the upper lip
and nose, the roof of nasal cavity, and the surrounding skin up to
the infraorbital foramen.

The maxillary nerve must be desensitized to completely de-
sensitize the maxilla, upper teeth, nose, and upper lip. The nee-
dle is placed percutaneously along the ventral border of the zy-
gomatic process approximately 0.5 cm caudal to the lateral
canthus of the eye and is advanced into close proximity of the
pterygopalatine fossa (Figs. 20.5B and 20.6). Local anesthetic is
administered at the point where the maxillary nerve courses per-
pendicular to the palatine bone between the maxillary foramen
and foramen rotundum.20,21

Eye and Orbit
Anesthesia of the eye and orbit is produced by desensitizing the
ophthalmic division of the trigeminal nerve. General anesthesia
for ophthalmic procedures has increased in popularity; however,
retention of ocular reflexes during light and medium planes of
general anesthesia in dogs can disturb the surgical field. Regional
anesthesia, by anesthesia of ophthalmic nerves, produces immo-
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Fig. 20.5. Needle placement
for producing nerve blocks on
the head: infraorbital (A), max-
illary (B), zygomatic, lacrimal,
and ophthalmic (C), mandibu-
lar (E), and mental (D) nerves.



bility of the eye in addition to sensory anesthesia, and prevents
the oculocardiac reflex, which can cause bradycardia, arrhyth-
mias, and cardiac arrest as result of traction on the extrinsic mus-
cles of the eye. A 2.5-cm, 22-gauge needle is inserted ventral to
the zygomatic process at the level of the lateral canthus. The
point of the needle should be approximately 0.5 cm cranial to the
anterior border of the vertical portion of the ramus of the
mandible. The needle is advanced medial to the ramus of the
mandible in a mediodorsal and somewhat caudal direction until
it reaches the lacrimal, zygomatic, and ophthalmic nerves at the
orbital fissure (Fig. 20.5C). Deposition of 2 mL of local anes-
thetic at this site produces akinesia of the globe because of the
proximity of the abducens, oculomotor, and trochlear nerves to

the ophthalmic nerve. Motor block is assessed by cessation of the
following eye movements: laterally, caused by the lateral rectus
muscle (abducens nerve); and upward, downward, medially, and
laterally, caused by the superior, inferior, medial, and lateral rec-
tus muscles, respectively (oculomotor nerve). The superior
oblique muscle rotates the eye downward and laterally (oculomo-
tor nerve), whereas the inferior oblique muscle rotates the globe
upward and laterally (trochlear nerve).23

Retrobulbar or peribulbar anesthesia for local anesthesia of
the eye runs the risk of direct subarachnoid injection, peribulbar
hemorrhage, globe perforation, and intravascular injection.5,23,24

When performing retrobulbar anesthesia, the risk of puncturing
the globe is minimal if a 7.5-cm, 20-gauge needle is inserted at
the lateral canthus through the anesthetized conjunctiva and is
advanced past the globe toward the opposite mandibular joint
until the base of the orbit is encountered.20 When performing
peribulbar anesthesia, the potential for puncturing ciliary and
scleral blood vessels is minimal if a 5-cm curved needle (0.5-
mm internal diameter) conformed to the roof of the orbit is in-
serted through the anesthetized conjunctival sac at the vertical
meridian (Fig. 20.7).25 Directing the needle away from the globe
and toward the orbit also minimizes the risk of perforating the
globe.

Injection of local anesthetic into the optic sheath can cause res-
piratory arrest attributable to the infiltration of local anesthetic
into the subarachnoid space of the central nervous system
(CNS).24 The pressure generated by injection into the optic nerve
sheath or intrascleral injection is three or four times that pro-
duced by injection into the retrobulbar adipose tissue (135 vs. 35
mm Hg).24 Increased resistance encountered during retrobulbar
block should serve as a warning, mandating redirection of the
needle in order to prevent subarachnoid injection.
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Fig. 20.6. Anesthesia of the maxillary nerve in a poodle (32 kg) after
partial maxillectomy: site and direction of the inserted needle.

Fig. 20.7. Needle placement for producing retrobulbar anesthesia.



Lower Lip
This can be desensitized by percutaneously inserting a 2.5-cm,
22- to 25-gauge needle rostral to the mental foramen at the level
of the second premolar tooth. Approximately 1 to 2 mL of local
anesthetic is deposited in close proximity to the mental nerve
(Fig. 20.5D).

Mandible and Lower Teeth
The mandible (including molars, premolars, canine, incisors,
skin) and the mucosa of the chin and lower lip can be desensi-
tized by injecting 1 to 2 mL of the local anesthetic in close prox-
imity to the inferior alveolar branch of the mandibular nerve as it
enters the mandibular canal at the mandibular foramen (Fig.
20.5E). A 2.5-cm, 22-gauge needle is inserted at the lower angle
of the jaw approximately 0.5 cm rostral to the angular process
and is advanced 1 to 2 cm dorsally along the medial surface of
the ramus of the mandible to the palpable lip of the mandibular
foramen.20,22

Intercostal Nerve Block
Intercostal nerve blocks may be used for relieving pain during
and after thoracotomy, pleural drainage, and rib fractures,
thereby minimizing the need for systemic analgesics that may
depress respiration. They are not recommended for dogs with
pulmonary diseases, which impair blood-gas exchange, or for
dogs that cannot be observed for several hours after injection be-
cause of the potential for clinically delayed pneumothorax.

A minimum of two adjacent intercostal spaces both cranial and

caudal to the incision or injury site are selectively blocked be-
cause of overlap of nerve supply.26 The site for needle placement
is the caudal border of the rib (R3-6) near the intervertebral fora-
men (Fig. 20.8). Approximately 0.25 to 1.0 mL of 0.25% or 0.5%
bupivacaine hydrochloride per site, with or without epinephrine
1:200,000, is deposited. Small volumes and/or diluted local anes-
thetic solutions should be used as initial pain therapy so that the
total dose does not exceed 3 mg/kg. Small dogs receive 0.25
mL/site, medium dogs 0.5 mL/site, and large dogs 1.0 mL/site.
Postthoracotomy pain is generally controlled for 3 to 6 h after
successful block.26 Heart rate, respiratory rate, hematocrit,
plasma protein, blood pH, arterial oxygen partial pressure
(PaO2), and arterial carbon dioxide partial pressure (PaCO2) do
not change significantly in halothane-anesthetized dogs after in-
tercostal nerve block.26,27 Prolonged analgesia may be achieved
by repeated administrations of local anesthetics, although a pa-
tient may not tolerate multiple percutaneous injections.
Intercostal nerve block produces relatively high blood concentra-
tions of local anesthetic for a given dose;28,29 therefore, the risk
of toxic blood concentrations is greater.

Selective intercostal nerve block is easily performed because
of the proximity of each nerve to its adjacent rib.30 The inter-
costal nerves can be visualized beneath the parietal pleura during
thoracotomy. This technique provides consistent analgesia and
does not produce respiratory depression, with subsequent hyper-
carbia and hypoxemia, which is a more frequent problem in dogs
administered intramuscular or intravenous opioids.26,31 Because
intercostal bupivacaine (0.5%, 0.5 to 1.0 mL) abolishes nocicep-
tive input only from tissues supplied by the intercostal nerves,

568 ● Selected Anesthetic and Analgesic Techniques

Fig. 20.8. Needle placement for inducing
intercostal nerve blocks. Inset: (a) skin, (b)
subcutaneous tissue, (c) intercostal mus-
cles, (d) rib, (e) subcostal space, (f) pleura
costalis and fascia, (g) interpleural space,
(h) pleura pulmonalis, (i) intercostal artery,
vein, and nerve, and (j) lung.



but not from the whole surgical site, additional analgesia with
preoperatively administered epidural morphine (0.1 mg/kg) has
been suggested to improve both intraoperative and immediate
postoperative analgesia in dogs after thoracotomy.32

Interpleural Regional Analgesia
Interpleural injection of local anesthetics is a relatively new op-
tion for managing certain types of acute and chronic pain origi-
nating from thoracic and upper abdominal structures in hu-
mans.33 Pain from rib fractures, metastasis to the chest wall,
pleura, and mediastinum, mastectomy, chronic pancreatitis,
cholecystectomy, renal surgery, abdominal cancer, and posthep-
atic neuralgesia can be relieved by intermittent or continuous ad-
ministration of local anesthetic into the pleural space through a
catheter, without the systemic effects commonly observed after
the use of parenterally administered (IM or IV) opioids.34 Most
clinical studies have been performed in patients recovering from
gallbladder surgery. Less frequently, this technique has been used
for pain relief in patients with multiple fractured ribs; other indi-
cations are uncommon.35 Reports in the current literature provide
evidence both supporting36,37 and opposing38–40 the effective-
ness of postoperative pain management via interpleural analgesia
after thoracotomy for pulmonary surgery in humans. The mech-
anisms of pain relief produced by interpleural analgesia are not
fully understood, but at least three different sites of actions have
been hypothesized: (a) retrograde diffusion of local anesthetic
through the parietal pleura, causing intercostal nerve block;41,42

(b) unilateral block of the thoracic sympathetic chain and
splanchnic nerves;43 and (c) diffusion of the anesthetic into the
ipsilateral brachial plexus, resulting in a parietal block.33

The technique requires the insertion of a catheter into the pleu-
ral space of sedated or anesthetized dogs.26,44–51 The catheter is
placed into the pleural space either percutaneously or prior to
closure of a thoracotomy (Fig. 20.9). Percutaneous placement of
a catheter into the pleural space is difficult to perform on dogs
with pleural fibrosis, because thickening of the pleura makes
identification of the pleural space guesswork. The dog should be
sedated, and the skin, subcutaneous tissues, periosteum, and pari-
etal pleura over the caudal border of the rib should first be desen-
sitized with 1 to 2 mL of 2% lidocaine solution, using a 2.5- to
5-cm, 20- to 22-gauge needle. A 5.0-cm � 1.4-mm outer diame-
ter, 17-gauge Huber point (Tuohy) needle is then used for
catheter placement. The stylet is removed and the needle filled
with sterile saline until a meniscus is seen at the needle’s hub.
The needle is then advanced until a clicking sensation is per-
ceived as the needle tip perforates the parietal pleura or until the
meniscus disappears when the needle tip enters the pleural space
(hanging-drop technique).

The hanging-drop technique for the identification of the subat-
mospheric pleural pressure is not always reliable because the
meniscus may also disappear when the needle passes through the
intercostal muscles. Alternatively, a freely moving 10-mL glass
syringe is attached to the needle. The syringe and needle are then
advanced as a unit. On entering the pleural space, the plunger of
the syringe is drawn inward by the negative pressure of the inter-
pleural space.34 Some veterinarians place the catheter in the tis-
sue plane superficial to the parietal pleura, close to or in the sub-
costal space (e in Fig. 20.9), in order to produce a more effective
block attributable to a decreased loss of local anesthetic through
thoracic drainage tubes.35 A catheter (6- to 10-cm length of fen-
estrated medical grade silastic tubing, 2-mm inside diameter) can
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Fig. 20.9. Interpleural catheter placement.
Inset: (a) skin, (b) subcutaneous tissue, (c) in-
tercostal muscles, (d) rib, (e) subcostal space,
(f) pleura costalis and fascia, (g) interpleural
space, (h) pleura pulmonalis, (i) catheter, (j)
Tuohy needle, (k) lung, and (l) intercostal ar-
tery, vein and nerve.



be introduced and advanced 3 to 5 cm beyond the needle tip with
minimal resistance after the needle tip is placed subpleurally.

A technique has been developed to insert the catheter without
disconnection to minimize the risk of pneumothorax.52 The tech-
nique involves the use of a Tuohy needle to which a Y piece with
a latex balloon and catheter is attached (Fig. 20.10). The needle
is inserted until the balloon collapses under the negative pressure
of the pleural cavity; the catheter is then advanced as required.
The needle is then carefully withdrawn over the catheter, and the
catheter is left in place.

Approximately 1 to 2 mg of bupivacaine/kg (0.5%, with or
without 5 µg of epinephrine/mL) is injected over 1 to 2 min fol-
lowing negative aspiration of air or blood through the catheter.
The catheter is then cleared with 2 mL of physiological saline so-
lution. Bolus interpleural bupivacaine is effective in relieving
postthoracotomy pain for 3 to 12 h.26 The addition of epinephrine
(5 µg/mL) to the local anesthetic solution may or may not in-
crease the duration of analgesia and decrease the plasma concen-
tration of the local anesthetic.

Complications, such as lung trauma, bleeding, and pneumo-
thorax, are occasionally reported with the blind percutaneous in-
sertion technique in humans.53 The balloon technique is superior
to other methods (i.e., loss-of-resistance technique, low-friction
syringe-piston movement, and infusion technique). Sterile sets for
single continuous interpleural analgesia are available that contain
a Tuohy needle, catheter, control balloon, flat antibacterial injec-
tion filter, screw connector, screwdriver, and drape (Fig. 20.10).

A catheter can be placed in the open chest by inserting the
Tuohy needle through the skin over the rib at a site that is at least
two intercostal spaces caudal to the incision while care is taken
to retract the lung. The catheter is then passed through the needle
and placed 3 to 5 cm subpleurally under direct vision. Local
anesthetic is injected in the usual manner. The ventral tip of the
catheter is best anchored by using one encircling suture of surgi-
cal gut (3.0) in the intercostal space at the site of puncture.

Positioning of the catheter will affect the site of intercostal
nerve blockade and is attributable to gravity-induced pooling of
the local anesthetic within the interpleural space.44,45,54 Dogs
that recover from lateral thoracotomy should be placed with the
incision side down. Dogs that have had a sternotomy should be
placed in sternal recumbency for approximately 10 min to allow
the local anesthetic to pool near the incision and adjacent inter-
costal nerves. The external portion of the catheter should be an-
chored with tape, sutured to the skin, and covered with a no-
occlusive-type dressing that allows air circulation. Reportedly,
analgesia produced by interpleural infusion in dogs is similar to
analgesia produced by morphine (0.5 mg/kg subcutaneously) or
selective intercostal nerve block with bupivacaine (0.5 mL of
0.5% bupivacaine per site), but lasts longer (3 to 12 h).26 Dogs
treated with 1.5 mg of interpleural bupivacaine/kg through an in-
terpleural catheter do not demonstrate significant changes in
heart rate, respiratory rate, hematocrit, plasma protein, blood pH,
or PaCO2.26,49,50,51

Studies have been performed to evaluate cardiovascular effects
of low-dose interpleural bupivacaine (0.5%, 1.5 mg/kg), high-
dose interpleural bupivacaine (0.5%, 3 mg/kg), and high-dose in-
terpleural bupivacaine (0.5%, 3 mg/kg) with epinephrine
1:200,000 (5 µg/mL) in four dogs recovering from diazepam-
ketamine-1.2% halothane and oxygen anesthesia.47,49 The local
anesthetic drugs were administered via an interpleural catheter
(25 cm long) that was advanced through a 17-gauge needle at the
left or right eighth intercostal space. Pneumothorax or any other
pulmonary complication was not observed in any of the dogs
evaluated radiographically. The low dosage rate (1.5 mg/kg) of
0.5% bupivacaine produced no significant (P < 0.05) alterations
in heart rate, systolic, diastolic, and mean arterial blood pressure,
cardiac output, and pulmonary arterial blood pressure, respira-
tory rate, and end-tidal carbon dioxide. Cardiac output, expressed
as a percentage of change from baseline, was significantly higher
in dogs receiving the low dosage (1.5 mg/kg) than dogs receiving
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Fig. 20.10. Interpleural tray for continuous
interpleural analgesia. The basic Pleurocert
procedure set contains (1) Tuohy needle (1.7 �
80 mm, 16 gauge � 31/4 inches), (2) Y piece
with control balloon, (3) radiopaque polyamide
catheter (0.65 � 1.05 � 1000 mm), (4) screw
connector, (5) luer lock antibacteria injection
filter (0.2 µm), and (6) 5-mL glass syringe.



the high dosage (3 mg/kg) of interpleural bupivacaine (126% ±
6% vs. 94% ± 6% change). Mean plasma concentrations of bupi-
vacaine peaked 5 to 15 min after interpleural injection. Mean
plasma concentrations of bupivacaine in individual dogs were
variable and did not significantly (P < 0.05) differ among dogs
treated with the low dose (1.5 mg/kg), high dose (3 mg/kg), and
high dose (3 mg/kg) with epinephrine (1:200,000) of interpleural
bupivacaine (0.5%).49 Mean arterial blood pressure was de-
creased to 28 mm Hg in one dog 15 min after interpleural admin-
istration of 3 mg of bupivacaine/kg and was decreased to 37 mm
Hg in one dog receiving 3 mg of bupivacaine/kg with epineph-
rine. This dog also demonstrated apnea for approximately 6 min
and required positive-pressure ventilation. The maximum plasma
concentration of bupivacaine in these hypotensive dogs was 3.4
and 3.6 µg/mL, respectively.49 The high dosage rate (3 mg/kg)
for interpleural administration is not recommended because it
may cause hypotension in some individual animals. Careful pa-
tient monitoring is advised if dosages approach 3 mg/kg. The ad-
dition of epinephrine 5 µg/mL may not be of any advantage be-
cause it does not attenuate peak plasma concentrations.49

The effects of interpleural bupivacaine (0.5%, 1.5 mg/kg), in-
tramuscular morphine (1.0 mg/kg), or interpleural morphine (0.1
mg/kg) have also been compared. Interpleural bupivacaine pro-
duced longer analgesia, less work of breathing, fewer blood-gas
alterations, and earlier return to normal pulmonary function in the
first 5 to 8 h after thoracotomy.50 Interpleural administration of
morphine (0.1 mg/kg) did not appear to provide any advantages in
terms of analgesia or pulmonary function when compared with
the intramuscular administration of morphine (1.0 mg/kg). These
results differ from other experimental trials in dogs receiving ei-
ther 0.5% bupivacaine (1.5 mg/kg) interpleurally, morphine (1.0
mg/kg) IM, or morphine (1.0 mg/kg) interpleurally.51 Medium
sternotomy significantly decreased pH, PaO2, mean oxygen satu-
ration of hemoglobin, and dynamic compliance; and significantly
increased PaCO2, alveolar-arterial difference in the partial pres-
sure of oxygen, pulmonary resistance, and work of breathing. The
effects of interpleural administration of bupivacaine and morphine
were similar to effects of intramuscular administration of mor-
phine and provided little or no additional benefit. It is not known
what the effects of dilution by pleural fluid, such as blood and
serum, and loss of local anesthetic through the thoracotomy tube
are on overall efficacy. The dose of interpleural bupivacaine may
have been inadequate in this study, considering that sternotomy
may be more painful than intercostal thoracotomy.

The optimum total dose, concentration, or volume of inter-
pleural bupivacaine in sick dogs have not been reported. Theo-
retically, one or two of the three branches of the phrenic nerve
can be blocked, leaving the remaining branch(es) intact. Isolated
contraction of the costal portion of the diaphragm without con-
traction of the crural portion may result in paradoxical respira-
tion with negative intra-abdominal pressure.46 The catheter is
usually removed 24 h after thoracotomy when postoperative pain
has normally decreased. Long-term use (over several weeks) of
an interpleural catheter is possible if the catheter is subcuta-
neously tunneled.55

The administration of interpleural bupivacaine is greatly facil-

itated in dogs in which a chest tube has been placed for evacua-
tion of air (Fig. 20.11). Interpleural regional analgesia has limi-
tations but also several distinct advantages over the more tradi-
tional intercostal nerve block or the administration of parenteral
opioids. The procedure is technically simple to perform. Only
one needle stick is needed, in contrast to multiple sites of injec-
tion when performing an intercostal nerve block. Pain relief lasts
longer and is less likely to produce CNS and respiratory depres-
sion than after the use of parenteral opioids. Interpleural admin-
istration of the local anesthetic (lidocaine or bupivacaine) ap-
proximately 30 min prior to removal of the chest tube helps to
prevent pain associated with the tube removal.

Infection, tachyphylaxis to local anesthetic, high anesthetic
blood concentration, systemic toxicity from local anesthesia, uni-
lateral sympathetic block (evidenced as a Horner’s syndrome)
and increased subcutaneous skin temperature of the affected side,
pleural effusion, phrenic nerve paralysis or paresis, and catheter-
related complications (e.g., intrapulmonary placement of
catheter) do not occur if the procedure is performed properly.
Pain relief is minimal in people and dogs with a misplaced
catheter, loss of local anesthetic in the chest tube, excessive
bleeding into the pleural space, or altered diffusion within the
parietal pleura after mechanical irritation by the surgical proce-
dure.56 A dilution of local anesthetic by pleural exudation ap-
pears to play a subordinate role in humans because a relationship
between a loss of chest tube fluid and interpleural analgesic re-
quirement or pain scores could not be demonstrated.40 Care must
be taken to avoid the serious potential complication of pneu-
mothorax, particularly when this method is used bilaterally.57

Anesthesia of the Foot and Leg
Several techniques may be used to induce anesthesia of the foot
and leg successfully: (a) infiltration of tissues around the limb by
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Fig. 20.11. Pain therapy in a Chihuahua (2 kg) recovering from left
lateral thoracotomy and correction of a patent ductus arteriosus
Botalli: 0.5% bupivacaine (1.5 mg/kg) was administered into a chest
tube, which was placed interpleurally (total dose = 3 mg = 0.6 mL),
and then the chest tube was cleared from the anesthetic with 0.6 mL
of 0.9% sterile sodium chloride.



using local anesthetic solution (ring block), (b) intra-articular in-
jection of local anesthetic, (c) infiltration of the brachial plexus
with local anesthetic solution (brachial plexus block), (d) injec-
tion of local anesthetic into an accessible superficial vein in an
extremity that is isolated from the general circulation by placing
a tourniquet proximal to the injection site (intravenous regional
anesthesia), (e) perineural infiltration of sensory nerves in the
limbs (nerve block), and (f) injection of local anesthetic solution
into the lumbosacral epidural space to induce anesthesia of the
hind legs,

Ring Block
Local infiltration and field block around the distal extremity may
be performed with a 2- to 5-cm, 22- to 23-gauge standard needle.
Intradermal wheals around a superficial lesion and subcutaneous
infiltration around the limb are performed by using a short (<3
cm) and fine (23- to 25-gauge) needle.

Intra-articular Analgesia
A prospective study has compared the analgesic effect of the
intra-articular administration of bupivacaine (0.5%, 0.5 mL/kg),
preservative-free morphine (morphine sulfate [Duramorph] in-
jection, USP; Elkins-Sinn, Cherry Hill, NJ) at a dose of 0.1
mg/kg diluted with 0.9% sodium chloride to a volume of 0.5
mL/kg or with 0.9% sodium chloride (0.5 mL/kg).58 Dogs in the
bupivacaine and morphine groups required less supplemental
analgesia when morphine (0.5 mg/kg IM) at 6 and 24 h was used
after cranial cruciate ligament repair than did the dogs in the
0.9% sodium chloride group. Intra-articular morphine provided
some analgesia, as indicated by cumulative pain scores and
measurement of pain threshold in both stifles by using a spring-

action load–measuring device (Pain Diagnostics and Thermog-
raphy, Great Neck, NY), but not to the same level as intra-
articular bupivacaine. Intra-articular morphine (0.1 mg/kg) did
not produce the bradycardia, respiratory depression, or hypoten-
sion that might be observed after systemic administration of mor-
phine. Ongoing inflammation is apparently needed for intra-
articular opioids to produce noticeable antinociceptive effects.59

Brachial Plexus Block
Brachial plexus block is suitable for operations on the front limb
within or distal to the elbow.60–62 The technique should be done
in well-sedated standing or laterally recumbent dogs. A 7.5-cm,
20- to 22-gauge needle is inserted medial to the shoulder joint
and directed parallel to the vertebral column toward the costo-
chondral junction (Fig. 20.12). In larger dogs, approximately 10
to 15 mL of 2% lidocaine hydrochloride solution with 1:200,000
epinephrine is injected slowly as the needle is withdrawn, if no
blood is aspirated into the syringe, thereby placing local anes-
thetic in close proximity to the radial, median, ulnar, musculocu-
taneous, and axillary nerves. Gradual loss of sensation and motor
function occurs within 10 to 15 min. Anesthesia lasts for approx-
imately 2 h, and total recovery requires approximately 6 h.

A peripheral nerve stimulator can be used to accurately locate
the radial, median, ulnar, musculocutaneous, and axillary nerves,
thereby reducing the dose of local anesthetic for successful
brachial plexus blockade in dogs.62 One electrode (the alligator
clip on the positively charged lead wire [red plug]) from the
nerve locator is attached to the skin, while the other electrode
(the alligator clip on the negatively charged lead wire [black
plug]) is attached to the proximal portion of the insulated needle
(0.72 � 10.8 mm, 22 gauge � 4.25 inches). A 20-mL syringe
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Fig. 20.12. Needle placement for brachial plexus
block. Inset: ventral branches of (a) sixth, (b) sev-
enth, (c) eighth cervical, and (d) first thoracic spinal
nerves; (e) tuberosity of humerus; and (f) first rib.



containing the local anesthetic agent (2% lidocaine, 0.5% ropiva-
caine, or 0.5% bupivacaine, diluted with 0.9% sodium chloride
solution to make a 0.375% concentration) is attached to a three-
way stopcock, a fluid extension set, and the needle (Fig. 20.13).
As the needle is inserted medial to the scapulohumeral joint to-
ward the costochondral junction of the first rib, medial to the
scapula but outside the thorax, the nerve stimulator is turned on
to 2 Hz and 1.0 mA. As the paw begins to twitch, the needle is
precisely placed to obtain maximal twitch with as little current
(<0.5 mA) as possible. At this point, the syringe is aspirated to
ensure that it is not in a blood vessel, and 0.1 to 0.2 mL of the
anesthetic is injected until the twitch disappears. The technique
is repeated three or more times, by fanning the needle dorsal and
ventral from the initial placement. Direct deposition of the local
anesthetic on the nerves at a maximum dose of 1.5 mg/kg of li-
docaine, ropivacaine, or bupivacaine will produce good brachial
plexus blockade. By using a nerve stimulator, a total dose of 4
mg of bupivacaine with 5 µg/mL of epinephrine was effective in
providing anesthesia for middiaphyseal osteotomies of the
humerus followed by intramedullary pin fixation in 11 of 12 dogs
sedated with acepromazine and anesthetized with propofol.62

Analgesia lasted for 11.1 ± 0.5 h.62

Brachial plexus block is relatively simple and safe to perform
and produces selective anesthesia and relaxation of the limb dis-
tal to the elbow joint (Fig. 20.14). The relatively long waiting pe-
riod (15 to 30 min) required to attain maximal anesthesia and
some occasional failures to obtain complete anesthesia, particu-
larly in fat dogs, are disadvantages of the technique.

Intravenous Regional Anesthesia
Intravenous regional anesthesia (IVRA) is a rapid and reliable
method for producing short-term (<2 h) anesthesia of the extrem-
ities. The clinical value of IVRA in humans is well established.
The IVRA technique is also known as Bier block.63 Little infor-
mation on clinical experiences with IVRA in dogs exists, even
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Fig. 20.13. (1) Peripheral nerve-stimulator
used as an aid in accurately locating nerves
when performing nerve-block procedures:
The nerve locator is set at 2 Hz and low out-
put (0.5 mA); the 0.5-mA current delivered
to the patient is displayed; (2) the lead wire
with red plug (+) and alligator clip for the
patient’s electrode; (3) the lead wire with
black plug (�) and alligator clip for the nee-
dle; (4) Stimex insulated needle (22 gauge,
4.25 inches, 0.72 � 10.79 mm); (5) exten-
sion set; (6) 20-mL syringe with three-way
stopcock, filled with (7) 0.2% ropivacaine
hydrochloride.

Fig. 20.14. Anesthesia of the brachial plexus of the left thoracic
limb in a conscious dog.



though it appears to be a simple, safe, and practical method for
providing 60 to 90 min of regional anesthesia in an extremity dis-
tal to a tourniquet (Fig. 20.15).64,65 The technique is best accom-
plished in dogs by placing an intravenous catheter in an appropri-
ate and accessible vein (e.g., the cephalic or lateral saphenous
vein) distal to the tourniquet. The limb is first desanguinated by
wrapping it with an Esmarch bandage. A rubber tourniquet is
placed around the limb proximal to the Esmarch bandage. The
tourniquet must be tight enough to overcome arterial blood pres-
sure.66 Once the tourniquet is secured, the Esmarch bandage is
unwrapped, and 2.5 to 5 mg/kg lidocaine is injected IV with light
pressure. A period of 5 to 10 min is required to achieve maximum
anesthesia before beginning the surgical procedure. Diluted con-
centrations (0.25% and 0.5%) of lidocaine produce adequate
sensory blockade as long as the tourniquet is applied. By avoid-
ing leakage and keeping the local anesthetic isolated in the limb,
the incidence and severity of toxic symptoms are decreased and
the percentage of successful blocks increased.66 Complications
resulting from blood-flow deprivation to the limb or from the
dose of anesthetic used do not occur if the procedure is limited to
90 min.

Once the tourniquet is removed, sensation returns within 5 to
15 min and residual analgesia remains for up to 30 min. Minimal
effects on heart rate, respiratory rate, or the electrocardiogram
have been noted in dogs after removal of the tourniquet.64 The
site and mechanism of local anesthetic action in IVRA are un-
clear but may involve desensitization of major nerve trunks
and/or sensory nerve endings.67 Unlike the desensitization de-
scribed in other nerve blocks, the onset of anesthesia and muscle
paralysis begins distally and progresses proximally; thus, the
local anesthetic should be injected as distally as possible in the
limb to be anesthetized (Fig. 20.16). The blood-free surgery site

is ideal for taking biopsy samples and removing a foreign body
from the paws. Prolonged procedures (>90 min) may produce
tourniquet-induced ischemia, which is associated with pain and
increased blood pressure. If pain occurs, it is often difficult to
control and requires induction of general anesthesia.68 Reversible
shock occurs if the tourniquet is removed after 4 h; and sepsis,
endotoxemia, and death occur if the tourniquet is removed after
8 to 10 h. Bupivacaine should not be used for this technique be-
cause of the increased potential for cardiovascular collapse and
death associated with its use IV.69–72

Nerve Blocks of the Limbs
Specific nerve blocks in the front limbs (radial, ulnar, median,
and musculocutaneous nerves) and hind limbs (tibial, peroneal,
and saphenous nerves) of dogs have been described.73 These
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Fig. 20.15. Intravenous regional anesthesia in a sedated bullmastiff
(80 kg) in right lateral recumbency for skin biopsies at the palmar
paws of both front legs. A rubber tourniquet is placed distal to the
carpus (right foot) and proximal to the carpus (left foot). The tourni-
quets are secured with hemostatic forceps, which are taped to the
skin. Injection of 12 mL of 1% lidocaine hydrochloride solution (1.5
mg/kg per leg) into the cephalic vein is shown.

Fig. 20.16. Radiographs of the left forelimb of a German shepherd
(35 kg). A: A mixture of 3 mL of 2% lidocaine hydrochloride solution
and 3 mL of Omnipaque 300 was injected into the cephalic vein at a
proximal site. Retrograde dissipation of the anesthetic was prohibited
by venous valves; thus, anesthesia of the limb did not develop. B: The
injection was repeated at a distal site 1 week later, thereby inducing
anesthesia of the limb distal to the tourniquet. The arrow indicates the
injection site.



techniques are rarely used in clinical small animal practice be-
cause of difficulty in locating the proper site for injection of local
anesthetic and the substitution of simpler methods (e.g., IVRA
and epidural anesthesia).

Lumbosacral Epidural Anesthesia
This technique is noted for its simplicity, safety, and effective-
ness, and is one of the most frequently used regional anesthetic
techniques described for surgical procedures caudal to the um-
bilicus in dogs.74–98 Epidural anesthesia is frequently recom-
mended for cesarean section because, unlike other anesthetic
techniques, it does not depress the puppies. The bitch remains
awake and able to take care of her puppies immediately after
surgery.

Dogs are generally sedated, tranquilized, or anesthetized to re-
duce fear and apprehension and then are placed either in sternal
recumbency (for bilateral anesthesia) or in lateral recumbency
(for ipsilateral anesthesia). The hind limbs can be extended cra-
nially to maximally separate the lumbar vertebrae, making iden-
tification of the lumbosacral space easier.

The anesthetic procedure is not technically difficult when per-
formed by an experienced clinician. The epidural space is located
between the inner and outer layers of the dura mater (Fig. 20.17).

It contains nerves (cauda equina), fat, blood vessels, lymphatics,
and occasionally the end of the spinal cord with its surrounding
meninges (arachnoid and dura mater). The subarachnoid space
contains cerebrospinal fluid (CSF). After a thorough surgical
preparation, the local anesthetic solution is injected through a
disposable 2.5- to 7.5-cm, 20- to 22-gauge spinal needle as a sin-
gle dose or is injected through a catheter that is inserted at least
1.5 to 2.0 cm beyond the end of an 18- or 17-gauge Huber-point
(Tuohy) or 18-gauge Crawford needle (continuous technique
[Figs. 20.17 and 20.20]). A 2.5-cm, 22-gauge spinal needle is
used for small dogs, a 3.8-cm, 20-gauge needle for medium-sized
dogs, and a 7.5-cm 18-gauge needle for large dogs. Important
landmarks for needle placement are easily identified in most
dogs. The iliac prominences on either side of the spine are pal-
pated by using the thumb and middle finger of one hand (Fig.
20.17). The spinous process of the seventh lumbar (L7) vertebra
is located with the index finger. The lumbosacral (L7-S1) inter-
space should be palpated from both the cranial and caudal direc-
tions by moving the finger on the dorsal spinous processes of L6
to L7 and S2 to S1. This will help to avoid inadvertent placement
of the needle into the L6 to L7 interspace. The needle must be
placed correctly on the midline and caudal to the L7 spinous
process, and is inserted until a distinct popping sensation is felt
as the needle point penetrates the interarcuate ligament. Tail
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Fig. 20.17. A: Aseptic needle placement, using sterile surgical gloves, into the lumbosacral epidural space of a dog (A) and catheter place-
ment for continuous epidural anesthesia using a local anesthetic and/or analgesia using an opioid (B). B: Dorsal view. Palpation of the dorsal
spinous process of the L7 vertebra and dorsoiliac wings. C: Inset: (a) epidural space with fat and connective tissue, (b) dura mater, (c) arach-
noid membrane, (d) spinal cord, (e) cerebrospinal fluid, (f) cauda equina, (g) seventh lumbar (L7) vertebra, (h) first sacral (S1) vertebra, (i) inter-
vertebral disc, (j) interarcuate ligament (ligamentum flavum), and (k) interspinous ligament.



movement may indicate that the needle has engaged nerve tissue.
The epidural space is best identified by the loss-of-resistance
test, using either an air-filled or a saline-filled syringe. Deliberate
injection of 3 to 4 mL of air into the epidural space of dogs weigh-
ing 20 to 27 kg results in bubble formation that can persist for 24
h. The bubbles, however, are not large or numerous enough to im-
pede transfer of local anesthetic across the meninges and into the
CSF, spinal roots, and cord, nor do they localize in any particular
region (e.g., nerve roots); thus, subsequent injection of local
anesthetic does not result in patchy anesthesia or inadequacies at-
tributable to bubbles.99 Subcutaneous crepitation may be felt at
the site of skin penetration if air has been injected outside the
epidural space.

After the needle has been placed, the stylet is removed from
the needle hub and the stylet is carefully examined for CSF or
blood smears. Also, the needle (or catheter) should be carefully
inspected for flow of CSF or blood before the local anesthetic is
administered. If inadvertent subarachnoid puncture occurs, as in-
dicated by the presence of CSF, the procedure may either be
abandoned or the intended epidural dose reduced by at least 50%.
The presence of blood indicates penetration of the ventral venous
plexus, after which the needle should be repositioned epidurally.
Obtaining CSF at the L7 to S1 site is not uncommon, even
though the subarachnoid space of dogs usually ends cranial to the
lumbosacral interspace. The spinal cord and meninges in
younger and smaller dogs may occasionally extend into the lum-
bosacral vertebral junction.100 A subarachnoid injection may be
made if CSF is encountered, with the precaution that 1 mL of
local anesthetic per 10 kg of body weight is then injected over a
1-min period.90,93 The reduced dose should avoid total spinal
anesthesia with cardiovascular and respiratory depression or col-
lapse. If blood is encountered, the needle is withdrawn and
cleansed, and another attempt is made to place it into the epidural
space. Intravascular injection of local anesthetic can cause sys-
temic toxicity, which is characterized by convulsions, cardio-
pulmonary depression, and the absence of regional anesthe-
sia70,71,101 Inadvertent subarachnoid administration of small
amounts (2 mL) of fresh autologous blood aspirated from the ve-
nous plexus during attempted lumbar epidural puncture in dogs
may cause pelvic limb spasm. If this occurs, most dogs recover
rapidly and demonstrate no signs of meningeal irritation, long-
term neurological sequelae, or neuropathological changes.102 To
avoid excessive cranial advancement of neural blockade, it is also
good practice to elevate the dog’s head for approximately 5 min
immediately after completion of the epidural administration of
the anesthetic.

The shape and bevel orientation of the spinal needle affect the
size of the dural defect. Large dural defects in humans may result
in post–lumbar puncture headache attributable to a postulated in-
creased CSF leak. The dural defect produced by a 22-gauge nee-
dle is smaller than that produced by a 22-gauge Quincke needle
(27,400 vs. 39,400 µm2). Likewise, a bevel orientation parallel
rather perpendicular to the dural fibers causes smaller dural de-
fects (39,400 vs. 73,300 µm2), because the needle splits rather
than cuts the longitudinal dural fibers.103 It is also important to
administer the calculated dose of local anesthetic at the body

temperature of the dog and slow enough (over 45 to 60 s) to avoid
causing pain.

Local Anesthetic Drugs
A variety of local anesthetics of different concentrations and doses,
and combinations of different local anesthetic drugs, have been
used to produce epidural anesthesia in dogs and have induced a
wide spectrum of sensory and motor blockades.81,89,93,96,97,104–109

The selected local anesthetic and dosage (concentration and vol-
ume) depends on a dog’s size, the desired extent of anesthesia,
and the desired onset and duration of anesthetic effect. A test dose
of 0.5 to 1.0 mL of 2% lidocaine hydrochloride solution produces
almost immediate dilation of the external anal sphincter, followed
by relaxation of the tail and ataxia of pelvic limbs, within 3 to 5
min. Approximately 1 mL of 2% lidocaine per 4.5 kg of body
weight will completely anesthetize the pelvic limbs and posterior
abdomen caudal to the first lumbar (L1) vertebra within 10 to 15
min after administration.81 The flexor-pinch reflex of pelvic limbs
will be absent in 5 to 10 min after injection.77 Clinical experience
indicates that the disappearance of the toe reflexes is associated
with surgical anesthesia from midthorax to coccyx sufficient for
abdominal surgery.78 The latent period is prolonged to 20 to 30
min if 0.75% bupivacaine hydrochloride is administered and is at-
tributable to the drug’s low solubility and slow uptake by nervous
tissue.93 Good anesthesia for abdominal and orthopedic surgeries
caudal to the diaphragm is generally achieved by administering 1
mL/5 kg (maximum, 20 mL) of 2% lidocaine or 0.5% bupiva-
caine, both with freshly added 1:200,000 epinephrine.

A reduced volume of 2% lidocaine (1 mL/6 kg) is generally
satisfactory for epidural anesthesia in dogs for cesarean section.
The reason for the (approximately 25%) decrease in dose re-
quirement during pregnancy is unclear.110 Several theories have
been proposed: (a) distension of epidural veins, which decreases
the size of the epidural space, and/or increase in the spread of
local anesthetic;111 (b) hormonal changes, which influence pro-
teins that affect membrane sensitivity;112 and (c) chronic expo-
sure to progesterone, which alters the permeability of intercellu-
lar connective-tissue matrix, thereby facilitating diffusion of
local anesthetics across the nerve sheath.113 It is rarely necessary
to inject more than 3 mg of lidocaine/kg of body weight for
epidural anesthesia during cesarean section in dogs.

The anesthesia duration obtained from the deposition of
epidural local anesthetic drugs primarily depends on the drug se-
lected, the dermatomal level of anesthesia, and the presence or
absence of epinephrine (Table 20.2). Postoperative analgesia
(after general anesthesia) lasts longer when epidural anesthesia is
performed at the end of surgery, and is attributable to a dimin-
ished intensity of the painful stimulus. Two percent solutions of
procaine, lidocaine, and carbocaine have provided satisfactory
anesthesia and muscle relaxation for 60 to 120 min. Epidural
bupivacaine (0.75%) and etidocaine (1%) have induced surgical
anesthesia for periods lasting from 4 to 6 h. Surgical anesthesia
caudal to the last rib is produced and gradually converted into a
phase of postoperative analgesia lasting for 24 h without affect-
ing motor activity or cardiopulmonary function, if a combination
of 0.7 to 1.0 mL/10-cm vertex-coccyx distance of 0.5% bupiva-
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caine hydrochloride solution and 0.1 mg/kg of morphine hy-
drochloride is injected epidurally.114

The efficacy of bupivacaine and ropivacaine for producing
lumbar epidural and subarachnoid anesthesia in dogs has been
compared.104 Various concentrations of ropivacaine (0.25%,
0.5%, 0.75%, and 1.0%) and bupivacaine (0.25%, 0.5%, and
0.75%) with a constant 3-mL epidural volume and 1-mL sub-
arachnoid volume of ropivacaine and bupivacaine were assessed.
Epidural blockade was also performed using solutions of ropiva-
caine and bupivacaine that contained epinephrine (1:200,000).
There were no signs of adverse reactions, irreversible block, or
other sequelae in any of the dogs studied. Onset of motor block-
ade (time from the completion of the injection until a dog’s
pelvic limbs cannot support weight) ranged from 1.7 to 4.1 min
following subarachnoid injection. There were no differences in
the onset of motor blockade between various anesthetic solu-
tions. Duration of motor blockade (time from onset of motor
blockade until the dog could support its own weight) ranged from
103 min (0.75% ropivacaine) to 163 min (0.75% bupivacaine).
Solutions of 0.25% ropivacaine and 0.25% bupivacaine failed to
induce complete loss of weight support following epidural injec-
tion. Onset of motor blockade varied between 5 and 9 min with
the use of higher concentrations (>0.25%) and was inversely re-
lated to dose. Duration of motor blockade ranged from 141 min
(0.5% ropivacaine) to 258 min (0.75% bupivacaine). The similar
onset times for both drugs were related to their similar pKa (ropi-
vacaine, 8.0; and bupivacaine, 8.1). The decreased motor-
blocking potency of ropivacaine is consistent with its low lipid
solubility. Epinephrine failed to prolong the duration of motor
blockade for either drug. Little difference in vascular activity
may exist between ropivacaine and bupivacaine when injected
into the epidural space of dogs.104

A direct comparison between the effect of epidural bupiva-
caine and ropivacaine, using 0.5% and 0.75% solutions and 0.14-
and 0.22-mL/kg volumes, on analgesia at the perineum (S3 der-
matome), right and left hind-toe web (L5 to L7 dermatomes),
flank (L2 to L5 dermatomes), and caudodorsal rib areas (T12 to
L1 dermatomes), and associated cardiopulmonary effects (heart
rate, systemic arterial blood pressure, pH, PaCO2, PaO2 bicar-
bonate, and base excess) in six dogs sedated with acepromazine
(0.075 mg/kg IM) has been reported.109 Sterile local anesthetic
drugs were slowly administered (rate, 3 mL/min) into the
epidural space at the lumbosacral junction via implantable vascu-
lar access ports.115 The results of this study indicate that 0.22
mL/kg of 0.5% bupivacaine and ropivacaine produce greater
anesthesia success at dermatomes L5 to L7 than does 0.5% at
0.14 mL/kg (>80% vs. <70% success), a similar extent of anes-
thesia, and mild cardiopulmonary changes. Varying the bupiva-
caine concentration did not affect the duration of perineal anal-
gesia. Perineal analgesia with 0.5% and 0.75% ropivacaine has
been reported to be slightly shorter than that achieved with 0.5%
and 0.75% bupivacaine (115 to 140 vs. 137 to 145 min).109

Lidocaine and Bupivacaine Combination
The effects of epidural administration of lidocaine (2%, 5 mg/kg
with epinephrine 1:200,000), bupivacaine (0.5%, 1.25 mg/kg

with epinephrine 1:200,000), and lidocaine (2%, 2.5 mg/kg with
epinephrine 1:200,0000) combined with bupivacaine (0.5%, 0.61
mg/kg with epinephrine 1:200,000) on the time of interdigital re-
flex loss, duration of analgesia and muscle relaxation, and car-
diorespiratory effects in six dogs, weighing 5 to 10 kg, have been
compared.97 The combination of epidural bupivacaine with lido-
caine achieves a shorter time to sphincter relaxation than does
bupivacaine alone (23 ± 2 vs. 84 ± 23 s), longer analgesia than li-
docaine alone (94 ± 8 vs. 54 ± 5 min), and longer muscle relax-
ation than either lidocaine (102 ± 8 vs. 59 ± 6 min) or bupiva-
caine (102 ± 8 vs. 57 ± 20 min). The combination of epidural
lidocaine and bupivacaine produces minimal changes in arterial
oxygen saturation, end-tidal carbon dioxide, respiratory and
heart rates, and mean arterial blood pressure, and appears to be
the best choice for maintaining anesthesia when surgical time is
prolonged.97

Pharmacokinetics and Pharmacodynamic
Properties
Local anesthetics injected epidurally may enter the CSF,74,116 epi-
dural venous blood, or lymph80 and become partitioned in epidural
fat. Epidurally administered drugs are dispersed by entering the
lymphatic system by diffusion into the dural lymphatic vessels lo-
cated at the level of the nerve roots, by leakage of local anesthetic
drug out of the vertebral canal through the intervertebral foramina,
and by vascular absorption and systemic redistribution.117

The pharmacokinetics of bupivacaine and ropivacaine after
lumbar epidural administrations of either drug (0.75% solution,
3-mL volume with or without 1:200,000 epinephrine) in dogs
have been determined.70 Both drugs have a similar pharmacoki-
netic profile. Peak arterial concentrations of bupivacaine and
ropivacaine occur within 5 to 10 min after injection and were less
than 1 µg/mL. The addition of epinephrine did not consistently
decrease the clearance (Cmax) of either agent.

The disposition and pharmacological effects of bupivacaine118

and, most recently, those of the S(�) isomer of bupivacaine119

after intravenous and epidural administration in dogs have been
reported. Bupivacaine (1.0 mg/kg IV) resulted in a mean ± stan-
dard deviation half-life of 34.5 ± 7.8 min, a mean plasma clear-
ance of 20.2 ± 7.4 mL/kg/min, and a mean volume of distribution
at a steady state of 0.7 ± 0.2 L/kg. After epidural administration
of 0.5% bupivacaine (1.8 mg/kg), the peak plasma concentration
was 1.4 ± 0.4 µg/mL approximately 5 min after administration.
Onset and duration of anesthesia were 2.3 ± 2.2 min and 158 ±
49 min, respectively. The mean bupivacaine plasma concentra-
tion ranged between 0.2 and 1.4 µg/mL, and the half-life was 
179 ± 34 min.118 After intravenous administration of a 1-mg/kg
dose of the S(�) isomer of bupivacaine (0.5%), the mean ± stan-
dard deviation half-life was 33.5 ± 17 min, the mean plasma
clearance was 21 ± 11 mL/kg/min, and the mean volume of dis-
tribution at steady state was 0.8 ± 0.2 L/kg. Mean peak plasma
concentration was 2.6 ± 0.7 µg/mL. Following epidural adminis-
tration of the same dose peak plasma concentration decreased to
0.9 ± 0.5 µg/mL. Motor block began immediately after comple-
tion of epidural injection and lasted for 3 to 4 h.119

It has been shown that epidural anesthesia that extends as far
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cranially as the anterior thoracic dermatomes (T3 to T5) does not
adversely change cardiovascular function, respiratory rate, arte-
rial blood pH, and gas tensions (PaO2 and PaCO2) in conscious
dogs or those sedated with methadone (0.8 mg/kg), acepro-
mazine (0.3 mg/kg), or atropine (0.6 to 1.2 mg).89 In awake
healthy dogs, it is thought that compensation for markedly atten-
uated spinal sympathetic outflow during thoracic epidural anes-
thesia is accomplished by increasing endogenous vasopressin
concentrations to support arterial blood pressure.120,121 Severe
hypotension (with mean arterial blood pressure < 60 mm Hg) can
occur in aged and sick dogs with suppressed neurally mediated
renin release or when endogenous vasopressin is prevented from
acting on its vasopressin receptors.79,121 Hypotension should be
treated with intravenous crystalloid solutions (20 to 30 mL/kg)
and/or a vasopressor (e.g., phenylephrine or ephedrine).122

Hepatic and renal blood flow generally remains stable in dogs
undergoing epidural anesthesia until the T1 to L3 spinal cord
segments begin to be blocked. Arterial blood pressure can de-
crease to less than 30% to 40% of the preepidural anesthesia
value with a high epidural block. Ephedrine (2.5 µg/kg/min) has
been used successfully to rescue hypotensive dogs and return
blood-flow values during high epidural anesthesia.123

High epidural anesthesia to the T1 myotomal level has been
associated with increased intrathoracic volume at end expiration
via an increase in intrathoracic tissue volume and the amount of
gas in the lungs at end expiration (functional residual capac-
ity).124 It has been postulated that the increases in thoracic tissue
volume are attributable to increases in intrathoracic blood vol-
ume. Thoracic epidural block before the production of experi-
mental hemorrhagic shock has been advocated as potentially
therapeutic.95 Endocardial blood flow improves, and determi-
nants of myocardial oxygen consumption decrease.125

Rectal temperature usually remains unchanged during epidural
anesthesia in dogs. If hypothermia occurs after epidural injec-
tions, the cause might be redistribution of heat within the
body.126 In humans, fluctuation in skin temperature of the limbs
(but not the trunk) and an absence of sweating (dogs have no
sweat glands except in the paws)127 may reflect changes in sym-
pathetic activity after epidural nerve blockade.94,128 Increased
skin temperature in the pelvic limbs (1.2°C) and paws (2.0°C),
coupled with decreased skin temperature in the thoracic limbs
and thorax (�0.6°C), after bupivacaine lumbar epidural adminis-
tration has been observed in conscious dogs.

Epidural anesthesia likely suppresses the markers of stress 
as represented by serum levels of andrenocorticotropic hor-
mone, beta-endorphin, epinephrine, and norepinephrine.120,129

In addition, epidural anesthesia may inhibit host-defense mech-
anisms against various microorganisms less than does general
anesthesia.130

Adverse Effects
Adverse effects associated with epidural and subarachnoid

anesthesia in dogs include (a) hypoventilation secondary to res-
piratory muscle paralysis, which is attributable to the spread of
local anesthetic to the cervical spinal segments; (b) hypotension,
Horner’s syndrome (Fig. 20.18), and hypoglycemia caused by

sympathetic blockade; (c) Shiff-Sherrington–like reflexes; and
(d) muscular twitches, coma, convulsion, and circulatory depres-
sion caused by toxic plasma concentrations of local anesthetic.
Improper injection technique can cause delay in onset of anesthe-
sia, unilateral hind-limb paresis, partial anesthesia of the tail or
the perineal region, and sepsis.131,132

Although epidural anesthesia has been referred to as the ideal
anesthetic procedure for bitches in dystocia,77,133,134 respiratory
depression can be a serious complication. Changes from a tho-
racic to a diaphragmatic (abdominal) pattern of breathing indi-
cate at least partial motor block of the intercostal musculature,
which may not be reflected by changes in arterial pH, PaO2, or
PaCO2. The use of preblock oxygenation, proper doses of local
anesthetic, and slight elevation of the head, neck, and thorax min-
imize this problem. The presence of paresis of the nictitating
membrane of the eye (Fig. 20.18), which derives its sympathetic
nerve supply from the first three thoracic spinal segments, is ev-
idence that most, if not all, of the sympathetic outflow has been
blocked by extensive epidural spread.
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Fig. 20.18. Unilateral Horner’s syndrome (i.e., ptosis, miosis, and
enophthalmus) in a golden retriever (35 kg) with ipsilateral paresis of
the left thoracic limb, after overdose (12 mL of 2% lidocaine) via lum-
bosacral epidural anesthesia.



Anecdotal reports about delayed hair regrowth after epidural
analgesia in dogs, though controversial, have been difficult to
confirm. In one study, hair regrowth was complete after 4 months,
and there was no difference in hair length among groups, indicat-
ing that neither epidural analgesia nor scrubbing or clipping
seemed to affect hair regrowth in at least the limited number of
dogs in this study.135 In a more recent retrospective study, 8 of 72
dogs were reported to have delayed hair growth after epidural ad-
ministration of morphine with or without bupivacaine.136

Complications with epidural anesthetic techniques can be pre-
vented in most instances by following several basic rules, which
include careful selection of drugs and dosage, aspiration before
injection (to assure that the tip of the needle is not in a blood ves-
sel or subarachnoid space), and injection of test doses.96

Absolute contraindications for epidural anesthetic techniques
include infection at the lumbosacral puncture site, uncorrected
hypovolemia, bleeding disorders, therapeutic or physiological
anticoagulation, degenerative central or peripheral axonal dis-
eases, and anatomical abnormalities that would make epidural
anesthesia difficult. Bacteremia, neurological disorders, and
minidose heparin therapy are relative contraindications. The ben-
efits of epidural anesthesia often outweigh the risks.137

Continuous Epidural Anesthesia
The indications, advantages, contraindications, and complica-
tions associated with continuous epidural anesthesia in dogs are
similar to those of the single-injection method. Additional advan-
tages of continuous epidural anesthesia are the ability to tailor the
anesthesia duration to the length of operation and to maintain a
route for injecting epidural opioids during surgery and postoper-
atively.86,114,138

Despite numerous reports describing continuous epidural
anesthesia in dogs, epidural catheters are not used routinely be-
cause of technical difficulties; the potential to damage the spinal

cord, meninges, and nerves; the risk of infection; and catheter-re-
lated problems. Nevertheless, insertion of plastic catheters into
the epidural space of dogs is relatively simple and safe, once
practiced. Local anesthetics and/or opioids may be administered
to produce continuous epidural anesthesia by placing a commer-
cially available epidural catheter through an 18- or 17-gauge
Huber-point (Tuohy) needle or 18-gauge Crawford needle into
the epidural space (Fig. 20.19). Self-prepared sterile 20-gauge
catheters (e.g., polyethylene tubing PE 160) may also be used.

A comprehensive selection of epidural products and acces-
sories exists for use in people and can be adapted for dogs, thus
making the technique in dogs easier and safer. Epidural trays
contain an 8.7-cm, 18-gauge Tuohy needle and a 20-gauge
catheter set with a radiopaque Teflon (polytetrafluoroethylene)
catheter that resists kinking, with either an open rounded-tip or a
closed-tip atraumatic catheter with lateral flow side ports, a
thread-assist guidewire that eliminates the need for a stylet, a
catheter connector that attaches quickly and securely without
possibility of crushing the catheter, a luer-slip glass syringe, and
a variety of syringes, needles, sterile preparation solutions, and
sponges (Fig. 20.19). The theoretical advantages of the multiple
side-port epidural catheter include even distribution of local
anesthetic, less chance of clotting (because fibrin is less likely to
collect on the side), and the ability to have a completely rounded
and therefore atraumatic tip. Catheters should be placed, follow-
ing strict aseptic technique, by using mask, gown, drapes, and
prophylactic antibiotics. A skin preparation, using dry gauze
dressings with or without antibiotic ointment (povidone iodine,
Neosporin ointment [bacitracin, neomycin, and polymyxin B], or
Bactroban ointment [mupirocin]), is very effective in preventing
infection. A sterile 4 � 4-inch gauze or OpSite IV 3000 brand of
dressing, which collects only minimal fluid underneath it, is
tightly adhered to the skin and should be replaced daily or more
often as needed to keep the wound dry. Plastic occlusive dress-
ings are not ideal because they collect bacteria of normal skin
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Fig. 20.19. Epidural trays for continu-
ous epidural anesthesia. The basic ster-
ile and single-use regional anesthesia
delivery system contains (1) Tuohy nee-
dle (1.3 � 87 mm, 18 gauge � 31/2
inches), plastic hub, and detachable
wing; (2) radiopaque (polytetrafluoroeth-
ylene) catheter with open end and stylet
(0.9 � 1000 mm, 20 gauge � 36 inches);
(3) catheter stylet; (4) catheter connector
with luer plug; (5) 5-mL glass syringe; (6)
epidural filter; (7) swabs; (8) iodine
packet; and (9) 5 mL of lidocaine hy-
drochloride 1%, 1-mL epinephrine injec-
tion 1:200,000, and 10-mL sodium chlo-
ride injection 0.9%.



and wound secretions in constant exposure to the catheter site.
The use of postoperatively administered systemic antibiotics is
debated and is usually reserved for patients with a compromised
immune system (e.g., diabetics). A thorough surgical prepara-
tion, using soap, antiseptic, or Hibiclens scrub (chlorhexidine
cleanser), dramatically reduces the concentration of bacteria on
the skin.

The Tuohy needle is placed into the epidural space between
the L7 and S1 intervertebral space, similar to the single-injection
epidural block technique. Catheterization is facilitated by first
desensitizing the lumbosacral space with a small amount (2 mL)
of 2% lidocaine. The Tuohy needle is inserted at a 15° to 45°
angle from the vertical position with the bevel directed cranially
(Figs. 20.17 and 20.20) and is advanced until the epidural space
has been entered. The three techniques previously discussed—
hanging drop, loss of resistance to air, and loss of resistance to
saline—may be more readily performed in dogs that are posi-
tioned in sternal rather than lateral recumbency. Because the
techniques may not always be ultimate proof that the needle has
been placed epidurally, aspiration of the plunger before injection

should verify whether a vein has been entered. At this point,
catheters with a stylet are preferred. A slight resistance is usually
encountered when the catheter passes through the tip of the
Tuohy needle. Special markings on the catheter denote the dis-
tance the catheter has been advanced. The catheter is advanced at
least two to three markings beyond the hub of the needle, which
ensures that at least 2 to 3 cm of catheter has entered the epidural
space. Flushing the needle with saline, rotating the needle, and
advancing the catheter while slowly withdrawing the needle help
to thread the catheter into the epidural space. If these maneuvers
fail, the needle and catheter should be withdrawn together. No at-
tempt should be made to withdraw the catheter back through the
needle, because this may sever the catheter. If this does occur,
most authorities believe that no attempt should be made to re-
trieve a severed catheter.105 Wire-reinforced catheters have been
inserted epidurally to the anterior lumbar (L4)139 or thoracic
(T1)116 vertebrae with minimal resistance and without coiling,
turning on themselves, kinking, or knotting.

Tuohy needles have been epidurally placed at the second coc-
cygeal (Co3 to Co2), third coccygeal (Co4 to Co3), or fourth coc-
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Fig. 20.20. A greyhound (30 kg) with a pathological fracture of the
left distal tibia and middiaphysis fibula. A: A sterile fenestrated drape
is placed over the surgically prepared lumbosacral area of the dog in
sternal recumbency, with its hind legs extended cranially. A sterile
wire-enforced epidural catheter is inserted into the Tuohy needle
aseptically placed into the lumbar epidural space at the lumbosacral
junction. B: The epidural catheter is advanced to the level of the first
lumbar vertebra, is connected to the screw connector and antibacter-
ial injection filter, and is then sutured to the skin. C: Administration of
preservative-free morphine (0.1 mg/kg) (Astramorph PF, 0.5 mg/mL,
total dose = 3 mg = 6 mL) into the epidural catheter rendered the dog
pain free and with intact motor function for at least 18 h after limb am-
putation. The arrow points to the epidural catheter filter.

A B

C



cygeal (Co5 to Co4) intervertebral space of dogs. A wire-rein-
forced catheter can then be threaded epidurally for up to 15 cm
to reach the thoracic vertebrae.117 Inserting a catheter for long
distances increases the risk that the catheter tip may exit a par-
avertebral foramen. Fluoroscopy is recommended to facilitate
catheter guidance.

A 20-cm-long intravenous catheter can be used to tunnel an
epidural catheter subcutaneously if it is left in place for a pro-
longed period. Poor sterile technique when changing tubing and
drugs is the most likely cause of catheters becoming infected.
Such an infection is often heralded by radicular pain after bolus
injections and decreasing analgesia, which generally precedes
any sign of meningitis or systemic infection. The CSF (puncture
site at C1-C2 to avoid going through an infected lumbar epidural
space), epidural catheter (1-mL sterile 0.9% saline solution in-
jected and withdrawn), and skin-insertion site should be cultured
if an infection is suspected. After cultures have been obtained,
the catheter is removed, and the patient is treated with systemic
antibiotics.

Epidural Opioid Analgesia
Providing long-term analgesia while inducing minimal systemic
effects is an important objective in medical care. Epidurally ad-
ministered opiates (e.g., morphine) provide lengthy analgesia
caudal to the umbilicus with very few systemic side ef-
fects.30,32,107,136,138–154 A single epidural injection of 5 mg of
morphine before major intra-abdominal surgery consistently re-
lieves intraoperative and postoperative pain in people for at least
3 days.155

Preservative-free preparations of morphine (e.g., Duramorph
PF [Elkins-Sinn, Cherry Hill, NJ] and Astramorph PF [Astra
Pharmaceutical Products, Westborough, MA])156,157 have not
been associated with spinal cord histopathological changes. In
contrast, parenterally administered morphine, which contains
various preservatives—such as sodium bisulfite, metabisulfite,
chlorbutanol, edetate disodium, formaldehyde, or phenol—has
neurotoxic effects when placed directly on the spinal cord.158

Any remaining opioid from single-dose vials that contain no bac-
teriostatic agents should be discarded.145 Contraindications to
epidural opioid analgesia are primarily associated with the
epidural catheterization technique itself.

The presence of a large number of opiate receptors in the sub-
stantia gelatinosa of the dorsal horn of the spinal cord suggests
that the administration of small doses of opioids into the epidural
space should produce effective analgesia.159 The administration
of epidural opioids offers the advantage of producing more pro-
found and prolonged analgesia with significantly smaller doses
and less sedation than the analgesia produced by comparable par-
enterally administered (intramuscular or intravenous) opioids.
Epidural opioids relieve somatic and visceral pain by selectively
blocking nociceptive impulses without interfering with sensory
and motor function or depressing the sympathetic nervous system
(selective spinal analgesia).159–165 Studies using subanalgesic
doses of the µ-specific agonist (Tyr-D-Ala-Gly-NMe-Phe-Gly-ol
[DAGO]) and the �-specific agonist (D-Pen2-5-Enkephalin

[DPDPE]) in cats have demonstrated a supra-additive interaction
that significantly suppresses noxious stimuli.166

Morphine
The major advantages of selective nociceptive blockade by the
use of epidural morphine are long-term pain relief without pro-
ducing muscle paralysis or weakness, or significant hemody-
namic effects. For example, a single dose of morphine (1 mg, di-
luted in 3 to 4 mL of physiological saline solution) administered
via a catheter introduced into the epidural space between the
lumbosacral vertebrae and advanced to the fourth and fifth lum-
bar vertebrae in dogs weighing 10 to 15 kg relieved pain caudal
to the costal arch for up to 22 h without affecting heart rate, arte-
rial blood pressure, pulmonary arterial pressure, cardiac output,
systemic vascular resistance, PaO2, mixed venous oxygen ten-
sion (PvO2), PaCO2, and arterial pH (pHa).

139 Similarly, 0.1 mg
of oxymorphone/kg in 3 mL 0.9% of sodium chloride solution
administered epidurally in dogs via a catheter positioned be-
tween the lumbar L5 to L6 or L6 to L7 intervertebral space alle-
viated postthoracotomy pain for 10 h without affecting heart rate,
respiratory rate, systolic and diastolic blood pressure, and PaO2
and PaCO2.167

The effects of epidural and intravenous morphine on analgesic
effectiveness, vital signs, and cortisol and catecholamine concen-
trations in dogs (18 to 26 kg) after experimental thoracotomy
have been compared.168 Dogs were administered either 0.15
mg/kg of preservative-free morphine epidurally in 5 to 6 mL of
0.9% sodium chloride via a catheter 8 to 10 cm cranial to the en-
trance of the epidural space 30 to 40 min before the end of sur-
gery or 0.15 mg/kg of morphine IV 5 to 10 min before the end of
surgery. The efficacy of the opioid was increased if given before
onset of pain. Dogs with epidural morphine administration
demonstrated lower subjective pain scores and lower serum cor-
tisol concentrations, plasma adrenaline and noradrenaline con-
centrations, noninvasive systolic arterial blood pressure, heart
rates, and respiratory rates than did dogs with intravenous mor-
phine for the first 10 h postoperatively.168 A single epidural in-
jection of morphine has been shown to be effective for up to 24
h in preventing physiological responses to postthoracotomy pain,
one of the most severe causes of stress in the early postoperative
period. In contrast, dogs given morphine IV often require supple-
mental morphine within 4 to 5 h.143

Epidural morphine (0.1 mg/kg diluted in 0.26 mL/kg of saline)
decreases the minimum alveolar concentration of halothane and
improves arterial blood pressure, cardiac index, stroke volume,
left ventricular work, and pulmonary artery pressure in dogs.169

The explanation for morphine’s efficacy at such a low dose when
given by the epidural route may be related to its low lipid solu-
bility. Epidural administration of morphine (0.1 mg/kg) is typi-
cally one-tenth of the systemically administered dose, yet anal-
gesia lasts significantly longer than that provided by other routes.

Postoperative evaluation of dogs undergoing major orthopedic
surgery, using either a 100-µg/h transdermal fentanyl patch ap-
plied 24 h before surgery or epidural morphine (0.1 mg/kg) after
induction of anesthesia, demonstrated a lower pain score with
epidural morphine at 6 h after surgery than with transdermal fen-
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tanyl. However, when all periods (6, 18, 30, and 42 h) after sur-
gery were combined, analgesia with transdermal fentanyl was
equivalent to that achieved with epidural morphine.170

Epidural administration of morphine sulfate (30 mg) in a mul-
tivesicular liposome (Depot Foam) formulation has also been
evaluated.171 Epidural morphine (5 mg and 30 mg), but not lipo-
somes without morphine, produced potent analgesia, as meas-
ured by latency of thermally evoked skin twitch. The analgesic
index (area under the time effect curve) was significantly greater
in dogs treated with encapsulated morphine (30 mg) than in those
treated with morphine sulfate (3 mg). The epidurally adminis-
tered encapsulated morphine formulation produced significantly
lower morphine concentrations in lumbar CSF and greater resi-
dency time than did epidural morphine. This study indicates that
the action of epidural morphine can be extended by delivering
higher doses of morphine (30 mg) in an encapsulated, persistent-
release form.

Pharmacokinetic and Pharmacodynamic Properties
The physiochemical properties of opioids, particularly their lipid
solubility, molecular weight, pKa, and receptor-binding affinity,
are important in determining their pharmacokinetic and pharma-
codynamic properties and the onset and duration of analgesia
(Table 20.3). Relatively hydrophilic morphine (oil-water parti-
tion coefficient, 1:42) remains in the CSF for longer periods, al-
lowing rostral spread and analgesia distant from the site of injec-
tion (nonsegmental distribution of analgesia). For example, the
lumbosacral epidural administration of 0.1 mg of morphine/kg
has been reported to produce adequate postthoracotomy analge-
sia in dogs.26,32,48,140,146

Epidurally administered morphine is distributed by at least
four different pathways: (a) transdural passage to the CSF and
neural axis, (b) vascular uptake by epidural venous plexi and
spinal radicular arteries, (c) lymphatic uptake, and (d) deposition
into epidural fat.117,141,172,173 The distribution in CSF, blood, and
lymph of lumbar epidurally administered morphine (molecular
weight, 285; and pKa, 7.9) into the lumbar area in dogs has been
determined.117 The fraction of morphine crossing the dura after
epidural injection of 2 mg into a 30-kg dog has been calculated
to be 0.3%.117 Maximal morphine concentration in lumbar CSF
ranged from 5 to 93 ng/mL and was reached 5 to 60 min after in-
jection. Morphine clearance from the CSF was 106 min (mean

tß) independent of the dose.117 In another study, the maximal
concentration of a 0.1-mg/kg dose of morphine in cisternal CSF
was 102.3 ± 28.0 ng/mL at 180 min after lumbar epidural admin-
istration.141 The maximal concentration of morphine in serum of
the same dogs was 95.7 ± 27.0 ng/mL at 31.0 ± 15.2 min.141

This large variability in CSF and plasma concentrations is a
striking finding that emphasizes the need for adjusting the dose
of epidural morphine for each patient. Practically, this can be ac-
complished by using an epidural catheter while observing the de-
gree of analgesia and the severity of side effects. Pharmacody-
namic studies evaluating the degree of analgesia and CSF and
plasma drug concentrations of epidurally administered morphine
support a spinal mechanism of action. These studies also indicate
that rapid but short-lasting serum concentrations and delayed
long-lasting CSF concentrations are often achieved with epidu-
rally administered doses of morphine in dogs.

Oxymorphone
Oxymorphone, in comparison to morphine, is a relatively lipid-
soluble opioid that binds more rapidly to opiate receptors in the
spinal cord and has a smaller area of distribution in the CSF (seg-
mental analgesia) (Table 20.3).

The analgesic and cardiorespiratory effects of epidurally ad-
ministered bupivacaine (0.5%, 1.0 mg/kg), oxymorphone (0.1
mg/kg) in 0.75% bupivacaine (1 mg/kg), and intravenous oxy-
morphone (0.05 mg/kg) on halothane requirements have been
evaluated.150 There were no differences in end-tidal halothane re-
quirements for dogs among the three groups. Respiratory depres-
sion was increased and heart rate was decreased with epidural
oxymorphone-bupivacaine and intravenous oxymorphone treat-
ments. Postoperative requirements of oxymorphone (0.05 mg/kg
IV) were significantly less in dogs receiving the epidural
oxymorphone-bupivacaine combination.150

The postoperative analgesic and cardiopulmonary effects of
oxymorphone administered epidurally (0.05 mg/kg) and intra-
muscularly (0.15 mg/kg) or medetomidine administered epidu-
rally (0.015 mg/kg) have also been evaluated in dogs undergoing
pelvic or hind-limb orthopedic surgery.174,175 The average dura-
tion of analgesia obtained with both epidural oxymorphone and
medetomidine was 7 h, whereas intramuscular oxymorphone
provided approximately 5 h of analgesia. All treatments de-
creased heart rate. There was no difference in arterial blood pres-
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Table 20.3. Physiochemical properties and doses of opioids for epidural analgesia in dogs. 

Molecular Oil-water Approximate Approximate 
Weight pKa Partition Time for Duration of

Opioid of Base (25°C) Coefficienta Dose (mg/kg) Pain Relief (min) Analgesia (h)

Morphine sulfate 285 7.9 1.42 0.05–0.15 30–60 10–24
Meperidine hydrochloride 247 8.5 38.8 0.5–1.5 10–30 5–20
Methadone hydrochloride 309 9.3 116 0.05–0.15 15–20 5–15
Oxymorphone hydrochloride 301 — — 0.05–0.15 20–40 10–22
Fentanyl citrate 336 8.4 813 0.001–0.01 15–20 3–5

aOctanol–pH 7.4 buffer partition coefficient.



sure with epidural and intramuscular oxymorphone, but pressure
was increased with epidural medetomidine.

Butorphanol
Epidural butorphanol (0.25 mg/kg) administration in dogs report-
edly reduces the inhalant anesthetic requirement (decreased
isoflurane minimum alveolar concentration by 32%) without any
cardiovascular and neurological side effects.176 However, the
rather brief analgesic action (80 min), as assessed by dogs not re-
sponding to toe-pinch stimulation of the hind limbs and fore-
limbs, limits the value of epidural butorphanol administration in
clinical practice. Pharmacokinetic data from epidural butor-
phanol (0.25 mg/kg) administration in halothane-anesthetized
dogs indicated that the maximum concentration of butorphanol
and time to reach this concentration are 42.3 ng/mL at 13.9 min
in blood and 18 ng/mL at 30 min in CSF. The authors concluded
that the pharmacokinetic data suggest that analgesia is predomi-
nantly due to butorphanol’s action on supraspinal structures fol-
lowing its vascular systemic absorption.177

Buprenorphine
The efficacy of epidural buprenorphine (4 µg/kg) versus epidural
morphine (0.1 mg/kg) administered in a total volume of 0.2
mL/kg for postoperative pain relief in dogs undergoing cranial
cruciate ligament rupture repair has been compared.154 Epidural
buprenorphine appeared to be as effective as epidural morphine
for relief of postoperative hind-limb orthopedic pain in healthy
dogs and may offer some advantages over morphine, such as
lower abuse potential and reduced cost.154

Side Effects of Epidural Opioids
Potential side effects in patients include respiratory depression,
dysphoria, urinary retention, delayed gastrointestinal motility,
vomiting, rubbing of the face, and catheter-related problems such
as catheter displacement, occlusion, and infection from chronic
epidural catheterization.145,158,178

The analgesic efficacy, duration of action, and adverse side ef-
fects of epidurally administered morphine are dose related.179

The most serious adverse effect is respiratory depression, which
is biphasic. Respiratory depression has been attributed to the ab-
sorption of morphine into epidural veins and subsequent circula-
tory redistribution to the brain (early depression), and cephalad
movement of morphine in CSF to the brain stem (late respiratory
depression).180 Lumbar epidural administration of excessive
doses of morphine (20 mg of morphine sulfate in a 3-mL saline
solution) in awake dogs (30 kg) increased PaCO2 by 10 mm Hg
at 1.5 to 2.0 h after administration, with no further ventilatory de-
pression thereafter.163 The maximal concentration of morphine in
the CSF of these dogs was 64 ng/mL at 45 min after administra-
tion but gradually declined to 50% of maximum concentration at
6 h. The morphine concentration in arterial plasma was maximal
at 30 min and declined to 20% of maximal by 6 h.

Administration of increasing concentrations (0.1 to 100.0
ng/mL) of morphine into the fourth ventricle or cisterna magna
in awake dogs produced reduced tidal volume but not respiratory

rate, suggesting that larger doses (20 mg) of epidural morphine
can produce respiratory depression in dogs. This effect is most
likely caused by the delivery of morphine to the brain-stem res-
piratory centers via the blood rather than via the CSF.163 The
time course of ventilatory depression following subarachnoid ad-
ministration of morphine in dogs corresponded poorly with mor-
phine concentration changes in the CSF.164 Severe respiratory
depression should not occur in dogs when therapeutic doses (0.1
mg/kg) of morphine are administered epidurally.

Preemptively administered epidural morphine with or without
bupivacaine given to 242 dogs has produced mild respiratory and
cardiovascular depression during anesthesia, whereas urinary re-
tention, pruritus, and vomiting were seen in only seven, two, and
six dogs, respectively. Six dogs vomited when a second dose of
morphine was given epidurally the day after surgery.136 Side ef-
fects are more common when intrathecal injection is performed
as opposed to epidural injection, and side effects can usually be
reversed by a low-dose intravenous infusion of naloxone, with
minimal effect on the analgesia produced.181

Myoclonus182–184 and neuroexitation185,186 are very rarely ob-
served complications in human patients after the epidural or in-
travenous administration of opioids. Similarly, involuntary mus-
cle contractions in dogs, after either epidural or subarachnoid
administration of preservative-free morphine, are extremely rare.
Myoclonus and urinary retention have been reported in a 5-year-
old German shepherd 90 min after subarachnoid injection of
preservative-free morphine sulfate (0.15 mg/kg) diluted in 4 mL
(0.1 mL/kg) of a sterile isotonic saline solution.187 Muscle
twitches started at the tail and then progressed to the hind limbs,
trunk, and even partly the shoulders of the dog, which had just
recovered from a 5-h oxymorphone-acepromazine-thiopental-
isoflurane-oxygen anesthesia to complete a total hip-prosthesis
surgery. The twitches became very strong with time and were not
diminished by diazepam (0.2 to 1.0 mg/kg IV) or atracurium in-
jected twice at 45-min intervals (0.2 and 0.1 mg/kg). The spasms
were eventually controlled with pentobarbital administration
(130 mg IV) and intermittent positive-pressure ventilation for 4
h.188 The following day, the spasms were absent, but propriocep-
tive ataxia and hind-limb paresis, with urinary retention, per-
sisted for another day. Bethanechol chloride (5 mg) was given by
mouth every 8 h, and the bladder was emptied by catheterization
once. The dog recovered over the next few days without further
sequelae.187

In another report, a dog exhibiting hyperesthesia and extreme
neuritis of the pelvic area and tail lasting 24 h slowly resolved
over a 4-day period.189 Overall, the incidence of severe complica-
tions was reported to be 0.75% in 365 dogs and 4 cats that re-
ceived epidural morphine for a wide variety of procedures, includ-
ing fracture repair or arthrodesis, limb and tail amputation, total
hip replacement, thoracotomy, laparotomy, and laminectomy.189

Opioid-induced hyperalgesia, myoclonus, and seizures have
been reproduced and studied extensively in rats.182,183,190,191

Direct opioid receptor–mediated and nonopioid receptor–
mediated excitatory and inhibitory mechanisms, metabolites
(normorphine, morphine-3 glucuronide, and hydromorphone-3
glucuronide), and preservatives (sodium bisulfite) have all been
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implicated in these observed neurological side effects.
Intrathecal naloxone has also been implicated in the potentiation
of intrathecal morphine-induced hind-limb myoclonus and
seizure activity in rats.182

Nonopioid Epidural Analgesia
Drugs from other classes—such as �-adrenoceptor agonists, N-
methyl-D-aspartate (NMDA) receptor antagonists (e.g., keta-
mine), and serotonergic, cholinergic, and �-aminobutyric acid
(GABA) receptor agonists192—upon direct spinal administration
in laboratory animals, have inhibited behaviors elicited by nox-
ious stimuli.193,194 With the exception of epidurally administered
�2-adrenoceptor agonists, such as xylazine,147,148,195–200 mede-
tomidine,144,153,174,175,200,201 and NMDA receptor antagonist,
such as ketamine,202–207 there is little information on the clinical
efficacy of nonopioid spinal analgesic drugs in dogs.

�2-Adrenoceptor Agonists
Similar to morphine, the administration of �2-agonists can pro-
duce a powerful effect on nociceptive processing by activating a
dense population of �2 receptors (i.e., �2A, �2B, �2C, and �2D)
(heteroceptors) in the CNS and periphery.208–210 In addition,
some �2-agonists can also activate imidazoline receptors (I1 and
I2) and produce direct effects on sensory transmission (e.g., xy-
lazine). Spinally administered �2-agonists mediate analgesia by
activating presynaptic �2-adrenoceptors, which are located on
primary afferent C fibers terminating in the superficial laminae of
the dorsal horn of the spinal cord.211 This activation induces G0
proteins that decrease calcium influx, which results in a de-
creased release of neurotransmitters and/or neuropeptides (e.g.,
glutamate, substance P, neurotensin, calcitonin gene–related pep-
tide, and vasoactive intestinal peptide), resulting in antinocicep-
tion.212,213 Activation of the �2 heteroceptors, which are located
postsynaptically on wide-dynamic-range projection neurons tar-
geted by primary afferent fibers in the dorsal horn, results in hy-
perpolarization of neurons via Gi protein–coupled potassium
channels, producing postsynaptically mediated spinal analgesia.

Epidural Xylazine and Medetomidine
The effects of epidural xylazine on electroencephalogram (EEG)
responses to surgical stimuli of varying intensity during experi-
mental orthopedic procedures have been reported.197,198 After
epidural xylazine administration (L7-S1), anesthesia was main-
tained with isoflurane (end-tidal concentration, 1.5%) in oxygen.
The EEG and hemodynamic variables (heart rate and mean arte-
rial blood pressure) were evaluated at prestimulation, skin inci-
sion, removal of a bone graft from the dorsoiliac spine, opening
and reaming of the medullary canal of the tibia for bone graft in-
stallation, and wound closure. Skin incision and removal of bone
graft produced a significantly higher increase in �/� ratio in the
EEG in the saline group when compared with the xylazine group.
In addition, the prestimulation 80% spectral edge frequency of
the EEG in the xylazine group was significantly lower than in the
saline group. The results of this study suggest that epidural xy-
lazine (0.25 mg/kg) suppresses responses in the �/� ratio to sur-

gical stimulation and may exert its antinociceptive effect in dogs
in part by a supraspinal action.198

The most obvious physiological effects of activating spinal �2-
adrenoceptors, other than their effect on altering nociceptive
threshold, are bradycardia and hypotension.200 Medetomidine
(15 µg/kg) or xylazine (0.25 mg/kg) both produced similar car-
diovascular and respiratory changes after lumbosacral epidural
administration in dogs. Both drugs reduce heart rate, mean arte-
rial blood pressure, and respiratory rate from baseline values.
First-degree atrioventricular block was observed more often after
xylazine administration (50% vs. 33%), whereas second-degree
block was more frequently observed with the use of medetomi-
dine (66% vs. 33%).200

Epidural medetomidine administration (0.015 mg/kg) report-
edly produces analgesia lasting 7 to 8 h.174,175 The duration of
analgesia is comparable to that achieved with epidurally admin-
istered oxymorphone (0.05 mg/kg) for similar procedures.
However, all medetomidine-treated dogs developed a decrease in
heart rate and a transient increase in arterial blood pressure. Dogs
typically develop second-degree atrioventricular block associ-
ated with sinus arrhythmia for a brief period during the first 20
min after medetomidine epidural injection.

Epidural Dexmedetomidine
Dexmedetomidine is the pharmacologically active D-isomer of
medetomidine, a highly lipid-soluble �2-receptor agonist214 and,
as such, is rapidly absorbed into the circulation and CNS. A dose-
dependent effect of dexmedetomidine on antinociception and ef-
fects on respiratory function have been documented.215 Different
dose ranges of dexmedetomidine were used after each route of
drug administration, with 4 to 6 days elapsing between the exper-
iments. Dexmedetomidine by intrathecal (1, 3, or 10 µg), epidural
(3, 15, and 50 µg), and intravenous (1, 3, and 10 µg/kg) routes pro-
duced a rapid dose-dependent increase in the thermal (60° ± 1°C
for a maximum of 10 s) skin-twitch response latency at lumbar and
thoracic areas and paw withdrawal to mechanical compression of
the toes of the front and hind limbs. The dose required to reach
50% of maximal effect for skin-twitch response after intrathecal,
epidural, and intravenous administration of dexmedetomidine was
1.8, 10, and 15 µg, respectively. The maximal effective dose pro-
duces approximately 90 min of hypoalgesia. The spinal effects do
not appear to be associated with changes in behavioral alertness,
motor function, or carbon dioxide response. Intravenous dex-
medetomidine (1 to 10 µg) also elevates the nociceptive threshold
significantly, as measured by thermal or mechanical nociceptive
end points. In contrast to the spinal administration, however, in-
travenous dexmedetomidine produces dose-dependent sedation,
significantly reduces heart and respiratory rates, and diminishes
response to increased carbon dioxide. The �2-adrenoceptor antag-
onist atipamezole (30 to 300 µg/kg IV), but not the opioid antago-
nist naloxone (30 µg/kg IV), antagonizes all of the observed effects
of dexmedetomidine. These results suggest that spinally adminis-
tered dexmedetomidine produces a powerful antinociceptive ef-
fect, mediated via �2-adrenoceptors at the spinal level, whereas
systemic redistribution of the drug produces sedation with signifi-
cant cardiovascular and respiratory side effects.215

Local and Regional Anesthetic and Analgesic Techniques: Dogs ● 585



Ketamine
Ketamine has an analgesic action at many sites both centrally and
peripherally. The mechanism of analgesic action of epidurally
and intrathecally administered ketamine has not been clearly de-
fined, and investigation into the contribution of supraspinal
and/or spinal sites related to its analgesic and anesthetic action
has not provided conclusive results. While reports regarding the
efficacy of ketamine as a spinal analgesic are controversial, ket-
amine may block NMDA receptors and interact with subtypes of
opioid, propionate, kainate, �-aminobutyric acid A receptors,216

and/or monoaminergic (serotonergic, noradrenergic, and
dopaminergic) neural systems.217 Ketamine also inhibits voltage-
gated sodium-ion and potassium-ion channels, thereby suppress-
ing myelinated nerve conduction.218,219 Ketamine may reverse
opioid tolerance by interacting with NMDA receptors, the nitric
oxide pathway, and µ opioid receptors.220 Evidence of the effi-
cacy of ketamine for treatment of chronic pain in human patients
has been reviewed and is considered moderate to weak.221

The analgesic action of epidurally injected ketamine has been
assessed in anesthetized dogs by using cutaneous electrical stim-
ulus (10 V) to the ischial and masseter muscle region.204,205 The
number of dogs responding to cutaneous electrical stimulation
was significantly less following epidural ketamine-lidocaine ad-
ministration than following epidural ketamine-saline administra-
tion. Similarly, the lumbosacral epidural injection of ketamine
(20 mg/mL) at a dose of 2 mg/kg did not provide significant anal-
gesia in dogs with chemically induced synovitis.207

The hemodynamic effects of ketamine when injected into the
lumbosacral epidural space typically include increases in heart
rate, mean arterial blood pressure, cardiac index, and stroke work
index within 15 to 20 min.205 It is not yet conclusive that epidural
ketamine consistently decreases the requirement of inhalation
anesthetics. Nevertheless, epidural and intrathecal doses of 1 to 3
mg of ketamine/kg of body weight have shown analgesic efficacy
in canine studies.202,203 Ketamine is rapidly distributed to the
plasma and CSF (0.4 and 0.3 h, respectively) from the epidural
space of dogs.202

Diazepam
Diazepam has been administered epidurally to dogs.192 With a 2-
mg/kg dose, the tail, perineum, anus, sacral, lumbar, abdomen,
and hind limbs are desensitized and the hind limbs paralyzed for
variable periods (50 to 100 min). Pulse rate is significantly
increased, whereas skin temperature, rectal temperature, respira-
tory rate, mean arterial blood pressure, and central venous pres-
sure are not affected. Neurological damage or toxicity, and in-
flammatory infiltration in histological preparations of the spinal
cord, are not evident.192 There has been little clinical use of ben-
zodiazepines as analgesics when placed epidurally in dogs or
other companion animals.

Ketorolac
Ketorolac (0.4 mg/kg) has been administered into the lumbar
epidural space in dogs.222,223 Gross necropsy revealed gastroin-
testinal ulceration of varying degrees in dogs administered
epidural ketorolac. Histopathological analysis of the spinal cord

and meninges revealed minimal focal leptomeningeal phlebitis in
25% of the dogs given this drug. Gastrointestinal ulceration in-
duced by ketorolac is common and limits its use to a single injec-
tion. At present, both efficacy and safety need to be further eval-
uated before epidural administration of ketorolac or any other
nonsteroidal anti-inflammatory drug can be recommended for
clinical practice.222,223

Glucocorticoids
Glucocorticoids (e.g., prednisone, prednisolone, and methylpred-
nisolone) are most commonly administered by systemic routes,
either oral or injectable, to relieve pain and reduce inflammation.
Perineural injection, either to spinal nerve roots or to peripheral
nerves, to alleviate pain caused by nerve root disease or periph-
eral neuropathies is common in human patients.224 The benefi-
cial effects of epidurally administered betamethasone in a rat
model of lumbar radiculopathy have been reported.225 However,
a series of lumbar epidural steroid injections for chronic back
pain has produced life-threatening Staphylococcus aureus
meningitis and cauda equina syndrome in one person226 and tran-
sient blindness caused by retinal and vitreal hemorrhages from
increased intracranial pressure in another person.227 As of this
writing, recommendations or dosages for the use of epidural glu-
cocorticoids in dogs and other small companion animals have not
been developed.

Epidural Drug Combinations
Epidural opioids (e.g., morphine or oxymorphone) with local
anesthetics (e.g., lidocaine, bupivacaine, or ropivacaine) or �2-
adrenoceptor agonists (e.g., xylazine, medetomidine, or dex-
medetomidine) have been administered to dogs before surgery to
reduce general anesthetic requirements and provided intraopera-
tive and postoperative pain control.

Local Anesthetics and Opioids
In rats, the combined intrathecal administration of morphine with
lidocaine or bupivacaine reportedly produces antinociceptive ef-
fects that are more rapid in onset, last longer, and are greater in
peak effect than when agents are administered alone at the same
dose level.228 Subsequently, several investigators have reported
additive or synergistic effects of epidurally administered opioids
and local anesthetics in people,194,229–232 dogs,30,107,151 and
rats.228 Although various local anesthetics and opioids have been
administered epidurally in dogs, morphine, bupivacaine, and
their combination effects have been the most critically evalu-
ated.93,107,118,140,169,233 For example, the epidural administration
of morphine-bupivacaine provided longer-lasting analgesia and
required a lower number of supplemental doses of analgesic
agent than did morphine or saline alone. The times for rescue-
oxymorphone administration in dogs treated with either epidural
morphine alone, bupivacaine alone, the morphine-bupivacaine
combination, or saline were 5.4, 9.1, 24, and 2.6 h, respec-
tively.107 Likewise, the coadministration of epidural lidocaine
and fentanyl (100 µg in 0.3 mL of 0.9% sodium chloride with ep-
inephrine 1:200,000) produces scrotal analgesia with faster onset
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(1.3 ± 0.3 vs. 4.4 ± 0.4 min) and longer duration (143 ± 11 vs. 98
± 8 min) than does lidocaine with epinephrine alone. The
epidural coadministration of lidocaine and fentanyl consistently
produces forelimb rigidity in dogs.234

�2-Adrenoceptor Agonists and Opioids
Synergistic antinociceptive interactions have been observed be-
tween a variety of �2-adrenoceptor and opioid receptor ago-
nists.235–237 The epidural administration of �2-adrenoceptor ago-
nists (xylazine or medetomidine) alone or in combination with
morphine has gained some degree of use in veterinary practice
during the last 5 years. A few studies documenting this synergy
have been performed.

For example, dogs receiving low-dose epidural medetomidine
(5 µg/kg) administration alone did not show evidence of analge-
sia, as evidenced by response to tail clamping. However, the ad-
dition of medetomidine to morphine prolonged the analgesia be-
yond that achieved with morphine alone (13.1 ± 3.1 vs. 6.3 ± 1.2
h), indicating a supra-additive effect with the administration of
both drugs.238 In another study, postoperative analgesia was as-
sessed in dogs given either preservative-free morphine (0.1
mg/kg) or morphine (0.1 mg/kg) with medetomidine (5 µg/kg)
via lumbosacral epidural injection.153 Based on numerical rating
scale, pain scores, posture, vocalization, and facial expression,
epidurally administered morphine combined with medetomidine
was associated with superior analgesic benefits when compared
with morphine alone.

Ketamine and Opioids
In a more recent study, epidural ketamine (40 to 320 µg), morphine
(0.6 to 160 µg), or fentanyl (0.16 to 10 µg), and a combination of
80 µg of ketamine with either morphine (2.5 to 80 µg) or fentanyl
(0.04 to 10 µg) have all been assessed for analgesic properties.238

Epidural ketamine produced only limited antinociception, whereas
morphine and fentanyl exhibited a dose-related antinociception.
Morphine’s action was slow in onset and lasted long, whereas fen-
tanyl had a fast onset and briefer action. In combination, ketamine
improved maximal possible effect as well as duration of action of
morphine-induced, but not fentanyl-induced, antinociception.
Moreover, increasing doses of the highly lipophilic ketamine
tended to decrease the maximal response of various doses of the
highly lipophilic fentanyl. Competition, at least in part, for the
same µ receptor or µ receptor subtypes, via P glycoprotein, could
have been one mechanism by which higher doses of ketamine de-
creased the antinociceptive properties of fentanyl. These data indi-
cate that ketamine and perhaps other drugs may actually have an-
tagonistic effects with various opioids when coadministered in the
epidural space to induce an analgesic action.239

Ganglion Blocks
Anesthesia of the cervicothoracic ganglion and lumbar sympa-
thetic chain in dogs has been described to treat paralysis of the
radial, facial, and trigeminal nerves and muscle and joint dis-
eases:240,241 5 to 8 mL of 0.5% procaine hydrochloride solution
has been administered in close proximity to the cervicothoracic

ganglion and lumbar sympathetic chain without ill effects.

Conclusion
Local and regional anesthetic techniques in dogs have been used
extensively to relieve the pain related to a variety of medical and
surgical procedures. Appropriately selected topical, local, or re-
gional (e.g., epidural) techniques can provide safe, effective, and
reliable analgesia with minimal physiological alterations.
Similarly, the interpleural administration of local anesthetic
drugs or the epidural administration of opioids can provide un-
paralleled long-term relief of pain while preserving conscious-
ness. Novel systems for the delivery of analgesics and other ther-
apeutic modalities designed to be used with local anesthetics,
opioids, and nonopioid analgesics may greatly facilitate the fu-
ture management of perioperative pain in companion animals.242
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Introduction
This chapter reviews the use of selective local and regional anes-
thetic and analgesic techniques in cats as an adjunct to light gen-
eral anesthesia. The techniques are easily performed for diagnos-
tic and surgical procedures to produce postoperative analgesia. A
basic knowledge of the regional anatomy of the area to be desen-
sitized and the pharmacology of drugs used to induce effective
local anesthesia is required if the full potential of local anesthetic
and analgesic techniques is to be realized.1,2 Commonly used
techniques in cats are topical anesthesia, local infiltration, nerve
blocks (e.g., selective blockade of distal branches of nerves about
the head, forelimb, and hind limb), brachial plexus block, intra-
venous regional anesthesia, epidural anesthesia, and epidural
analgesia. Because of restraint problems, local and regional anes-
thetic techniques are typically administered to heavily sedated or
anesthetized cats. A number of local anesthetic drugs that vary in
potency, toxicity, and cost are available for these purposes. Most
commonly, 0.5% to 2.0% lidocaine hydrochloride is used to
anesthetize cats for 60 to 120 min, whereas 0.2% to 0.5% ropiva-
caine hydrochloride or 0.25% to 0.5% bupivacaine hydrochloride
produce anesthesia for 240 to 360 min. The applied pharmacol-
ogy of local anesthetic drugs in animals has been described in
Chapter 14. Advantages of using regional anesthetic/analgesic
techniques include (a) reduction of the required dose of general
anesthetic drugs and thus minimal cardiopulmonary depression,
(b) complete blockade of sensory and motor nerve fibers, and (c)
prevention of the secondary (central) sensitization to pain.
Preemptive analgesia theoretically (a) decreases the severity of

pain during surgery, (b) reduces drug requirement for pain con-
trol, and (c) provides analgesia after surgery.3–6

Topical Anesthesia
Local anesthetics, either as lidocaine spray (10%, 100 mg/mL) or
lidocaine hydrochloride solution, can be applied topically. One
spray delivers 10 mg of lidocaine, which usually is sufficient to
desensitize small areas of oral, nasal, and pharyngeal mucous
membranes. Administration of 20 mg of lidocaine to the mucous
membrane produces surface anesthesia up to 2 mm deep within
2 min, which lasts for about 15 min. Topical lidocaine (spray or
instillation) is useful for minor diagnostic, therapeutic, and sur-
gical procedures (e.g., endoscopy, placement of nasal catheters
for tube feeding, foreign-body removal, biopsies, and repair of
small mucosal wounds). Instillation of 1.0 mL of lidocaine (20
mg), ropivacaine (2 mg), or bupivacaine (2.5 mg) into the wound
of skin incisions or lacerations provides good analgesia in cats (4
kg). These local anesthetics are ineffective when applied topi-
cally to intact skin. Sterile lidocaine jelly (2%, 20 mg/mL) pro-
vides good analgesia of the urethra during catheter placement,
because lidocaine is absorbed across mucous membranes. The
eutectic mixture of lidocaine and prilocaine (EMLA cream [lido-
caine 2.5% and prilocaine 2.5%]) penetrates the stratum corneum
of the skin. Cream is placed on the skin and covered with a clean
dressing for at least 20 min to enable painless placement of arte-
rial and venous catheters in nervous cats.7 Proparacaine 0.5%,
tetracaine 0.5%, or butacaine 2% can be applied topically to de-
sensitize the cornea for 10 to 20 min. Repeated doses have been
reported to prolong anesthesia up to 2 h without causing harmful
effects.8

Infiltration Anesthesia
Local infiltration is primarily used for repair of superficial lacer-
ations, cutaneous biopsy, and removal of dermal or subcutaneous
tumors. Lidocaine hydrochloride (2 to 5 mg/kg), ropivacaine, or
bupivacaine hydrochloride (3 mg/kg) is injected in the form of a
subcutaneous bleb, line block, inverted V-block or triangular or
rectangular pattern around a small tumor to be surgically re-
moved, using a 25-gauge (G) � 0.6-inch needle or 22-G �

1-inch needle.9 The dose of the local anesthetic should be care-
fully calculated to prevent toxicity. The syringe is aspirated be-
fore each injection and great care must be taken that the local
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anesthetic is not inadvertently administered intravenously.10–12

Sterile saline solution can be used to decrease the concentration
and increase the volume of lidocaine (2 mL of a 1% solution in-
stead of 1 mL of a 2% solution) to allow infiltration of a larger
lesion. The total dose (20 mg) should be reduced by 30% to 50%
in sick cats.

Regional Anesthesia of the Head
Commonly used nerve blocks to manage pain during and after
surgical and dental procedures are the infraorbital, inferior alve-
olar and mental nerves (Fig. 21.1).2,13,14 These nerves can be de-
sensitized by injecting 0.1 to 0.3 mL of either 1.0% to 2.0% lido-
caine, 0.2% to 0.5% ropivacaine, or 0.25% to 0.5% bupivacaine
hydrochloride solutions, using a 30-G � 0.5-inch to 22-G �

1-inch needle.

Anesthesia of the Maxilla and Upper Teeth
The upper lip and muzzle, roof of the nasal cavity, soft and hard
palates, and teeth in the upper dental arcade are supplied by sen-
sory fibers of the infraorbital nerve. The nerve is blocked at the
infraorbital foramen as it emerges from the infraorbital canal,
ventral to the eye, approximately 1.0 cm dorsal to the third pre-
molar at the junction of the maxilla and zygomatic arch. Im-
proper identification of the infraorbital foramen and branching of
a nerve proximal to the region of local anesthetic may cause fail-
ure to produce regional anesthesia.13 The block is facilitated by
angling the needle tip slightly medially. The needle is then ad-
vanced approximately 0.5 cm into the infraorbital canal, which is
not a true canal in cats (Fig. 21.1C).

Anesthesia of the Mandible and Lower Teeth
The lower dental arcade, including the molars, canines, and inci-
sors, and the skin and mucosa of the chin and lower lip are sup-

plied by sensory fibers of the mandibular nerve. The nerve can be
easily blocked at the point of its entry into the mandibular canal
at the mandibular foramen. The needle is inserted percutaneously
at the ventromedial aspect of the ramus of the mandible, approx-
imately 1.0 cm rostral to the angular process, and for a depth of
0.5 cm (Fig. 21.1A). In an alternative technique, the inferior alve-
olar nerve can be blocked intraorally, under the buccal fold.

The inferior alveolar nerve branches into the free rostral, mid-
dle, and caudal mental nerves, which supply sensory fibers to the
lower lip and the medial half of the canine and three incisors. The
mental nerve can be blocked at the mental foramina, caudal and
ventral to the lower canine (Fig. 21.1B). The extremely small
size of the mental foramina precludes the insertion of a needle or
catheter into the termination of the mandibular canal.13

Anesthesia of the Limbs
Blockade of the distal branches of the radial, median, and ulnar
nerves, blockade of cervical and thoracic nerves (brachial plexus
block), and intravenous regional anesthesia are cost- and time-
effective techniques for providing perioperative anesthesia and
managing pain after surgical procedures of the forelimb in cats.
In the hind limb, selective blockade of the common peroneal and
tibial nerves is easily produced. Injection of the local anesthetic
or opioid into the epidural space at the lumbosacral junction pro-
vides analgesia of the pelvic limbs and perineum.

Blockade of the Radial, Ulnar, and Median
Nerves
Selective blockade of the distal branches of the radial, ulnar, and
median nerves produces brief surgical anesthesia and postopera-
tive analgesia after onychectomy or tenectomy. The nerve blocks
are easily performed to supplement anesthesia or provide an al-
ternative to wound irrigation with local anesthetic following ony-
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Fig. 21.1. Needle placement for nerve blocks
of the head: (A) inferior alveolar (mandibular),
(B) mental, and (C) infraorbital.



chectomy.15–21 The superficial branches of the radial nerve are
blocked on the dorsomedial aspect proximal to the carpal joint.
The palmar and dorsal cutaneous branches of the ulnar nerve are
blocked just proximal and lateral to the accessory carpal bone.
The median nerve is blocked proximal to the median carpal 
pad. A 22-G � 1-inch needle can be used, and approximately
0.3 mL of the anesthetic solution is administered subcuta-
neously at each site (Fig. 21.2A). In two alternative techniques,
the local anesthetic (3 mg/kg body weight) is injected subcuta-
neously distal to the carpal joint to each of the dorsal and palmar
proper digital nerves either as a four-point digital nerve block22

or ring block.23

Blockade of the Common Peroneal and Tibial
Nerves
Selective blockade of the distal branches of the common pe-
roneal and tibial nerves produces perioperative and postoperative
analgesia in the hind limb for onychectomy or tenectomy. The
superficial branches of the common peroneal nerve are easily
blocked by subcutaneous infiltration of the local anesthetic on

the dorsomedial aspect of the tarsus distal to the tarsal joint. The
superficial branches of the tibial nerve are blocked by subcuta-
neous injection of the local anesthetic ventromedially and dis-
tally to the tarsal joint (Fig. 21.2B).

Brachial Plexus Block
Blockade of the ventral branches of the cervical (C6, C7, and C8)
and thoracic (T1) spinal nerves can be used to anesthetize the
forelimb and manage pain after surgical repair of the radius and
ulna in cats.14 The procedure is performed in well-sedated or
anesthetized cats. A needle (22 G � 1 inch) is placed into the ax-
illary space proximal to the shoulder, and approximately 0.5 mL
of either 2% lidocaine (10 mg), 0.5% ropivacaine, or 0.5% bupi-
vacaine (2.5 mg) is injected once the needle tip is cranial to the
first rib and caudal to the cranial border of the scapula (Fig.
21.3). The same amount of the anesthetic is administered as the
needle is withdrawn. The syringe is aspirated prior to each injec-
tion to avoid injection into the axillary artery and vein, which are
close to the brachial plexus. The brachial plexus should not be
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blocked bilaterally because of potential bilateral phrenic nerve
blockade and subsequent compromised respiratory function.

Intravenous Regional Anesthesia
Intravenous regional anesthesia (IVRA) may be suitable for
anesthetized cats undergoing surgery, including onychectomy, of
the distal limbs. First, a 22-G � 1-inch intravenous catheter is in-
serted into the cephalic vein proximal to the carpus and with the
catheter tip pointing distally.24 Second, an inflatable blood pres-
sure cuff (neonatal no. 2; Criticon, Tampa, FL) is placed proxi-
mal to the cephalic catheter and is inflated and maintained at 100
mm Hg greater than systolic pressure. Third, a second tourniquet,
6.25-mm rubber tubing, is tied above the elbow and left in place
for 20 min. Lidocaine (1%, 3 mg/kg) is then injected into the dis-
tal cephalic venous catheter to anesthetize the entire limb distal
to the tourniquet, as determined by lack of response to toe pinch.

After the tourniquet has been removed, analgesia still remains for
approximately 20 min. No neurotoxicity or adverse hemody-
namic or respiratory effects have been reported in cats breathing
either a low (1.5%) or high (2.3%) concentration of isoflurane
during IVRA. No adverse effects were noted during recovery
from anesthesia 20 min after tourniquet removal.24 The plasma
lidocaine concentrations may vary. The reported highest mean li-
docaine concentration was 2.8 ± 1.0 µg/mL after the injection of
lidocaine (3 mg/kg) and was 3.1 ± 1.1 µg/mL after a second in-
jection of lidocaine (3 mg/kg) 20 min later.24 The model de-
scribed simulated a 20-min onychectomy procedure per each
front leg of the cat. Significant leakage under the tourniquet may
occur, as determined by measurable venous plasma lidocaine
concentrations (maximum, 4.42 µg/mL) prior to tourniquet re-
lease. Placement of the tourniquet and thus occlusion of blood
supply distal to the tourniquet should be limited to 30 min to pre-
vent complications (e.g., lameness or endotoxemia) (Fig. 21.4).
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Intercostal Nerve Block
This technique is used to control pain following lateral thoraco-
tomy, rib fractures, or pleural drainage. Two adjacent intercostal
nerves, cranial and caudal to the incision site or wound (four sites
in total), are blocked (Fig. 21.5). A needle (27 G � 1 inch) is in-
serted into the intercostal muscle close to the insertion of the
epaxial muscles. The needle is directed dorsomedially and, using
caution not to puncture the lung, its tip is walked off the caudal
border of the rib. The syringe is aspirated before each injection
of the anesthetic solution (3 mg/kg body weight), which is
equally divided among the injection sites. Cats should be ob-
served for development of pneumothorax during the first 30 min
after the procedure. Cats with severe lung disease and those that
rely on their intercostal muscles for maintaining ventilation and
oxygen saturation must be monitored closely.14

Lumbosacral Epidural Anesthesia
Lumbosacral epidural anesthesia is safe and inexpensive and pro-
vides a reversible loss of sensation to a reasonably well-defined
area of the body caudal to the diaphragm. This procedure is rel-
atively easy to perform in heavily sedated or anesthetized
cats.25–27 Epidural injection of a local anesthetic may be used
alone in cats that are at high risk of medical complications, that
are aged, or that require immediate surgery of the rear quarter.
The skin of the lumbosacral area is surgically prepared with an
aseptic technique. A needle (22 G � 1 inch) is placed into the
skin surface at the midline of the lumbosacral space. Except in

obese cats, this space can be easily palpated halfway between the
dorsoiliac wings and just caudal to the dorsal spinous process of
the seventh lumbar vertebra. The needle is pushed ventrocaudally
at a 45° angle to the dorsum to avoid pinching the seventh lum-
bar spinous process (Fig. 21.6). Resistance is encountered on
reaching the ligamentum flavum. A distinct pop is usually felt
when the needle is advanced through this ligament. Needle depth
to reach the epidural space may vary from 6 to 25 mm (0.25 to
1.0 inch), depending on the cat’s size. Further insertion of the
needle will meet resistance, indicating the needle tip has encoun-
tered the bony floor of the vertebral canal, and thus necessitates
the withdrawal of needle for 1 to 2 mm. The hub of the needle is
observed for blood and cerebrospinal fluid (CSF). Because the
dura sack terminates in the sacral area of cats, CSF may escape
from the needle. If CSF is observed or aspirated, either the
epidural injection is abandoned or only one-third to one-half of
the original calculated dose of the drug is administered.
Observation of blood within the needle indicates that the ventral
venous sinus has been punctured; therefore, the needle should be
removed. Intravascular injection of epidural drugs should be
avoided to prevent toxicity. Lidocaine 2%, ropivacaine 0.2%, or
bupivacaine 0.25% at the dose of 1.0 mL/4 kg produces analge-
sia up to the umbilicus area.1,2,25 Analgesia usually lasts for at
least 1 h with the use of lidocaine and 4 to 6 h with ropivacaine
or bupivacaine injection. A regular local anesthetic dose (1.0
mL/4 kg) administered subarachnoidally (into the CSF) or a
larger dose (>3 mL) administered epidurally produces a more
cranial blockade that may be associated with decreased sympa-
thetic activity and direct myocardial depression, and can cause
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Fig. 21.3. Needle placement for
brachial plexus block. Inset: ventral
branches of (a) sixth, (b) seventh, and
(c) eighth cervical, and (d) first thoracic
spinal nerve; (e) tuberosity of humerus;
and (f) first rib.



hypotension, respiratory insufficiency, respiratory paralysis, and
convulsions.

Epidural Opioid Analgesia
Preservative-free morphine (Astramorph/PF, 0.5 or 1.0 mg mor-
phine/mL; or Duramorph, 0.5 or 1.0 mg morphine/mL) can be
administered through a sterile needle or indwelling epidural
catheter into the epidural space of cats to provide moderate to ex-
cellent intraoperative analgesia and postoperative pain control.
An aseptic technique, as described for epidural injection of local
anesthetic drugs, must be used. Placement of a vascular access
device (access port model SLA-3.5H; Access Technologies,
Division of Norfolk Medical Products, Skokie, IL) used as an in-
dwelling epidural catheter in cats has been described (Fig.
21.6A).28–30 In contrast to the administration of a local anesthetic
drug by the epidural route, epidural morphine provides more pro-
longed analgesia (>6 h) with no effect on motor and sympathetic
pathways.31 The dose of morphine (0.1 mg/kg) must be calcu-
lated carefully and, to avoid inadvertent intravascular administra-
tion, the syringe should be aspirated before injection. A cat
weighing 4 kg can be administered 0.4 mg morphine, which is
0.8 mL of Astramorph (0.5 mg/mL). If the needle tip has entered
the intrathecal (subarachnoid) space, as recognized by free flow
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Fig. 21.4. Severe 18-h lameness of a cat, which had a rubber
tourniquet in place above the right carpus during onychectomy for
approximately 40 min.
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Fig. 21.5. Needle placement for inducing intercostal nerve blocks, showing the lateral aspect and the sagittal section [inset]: (a) skin, (b) sub-
cutaneous tissue, (c) intercostal muscles, (d) rib, (e) subcostal space, (f) pleura costalis and fascia, (g) intercostal vein, (h) intercostal artery, (i)
intercostal nerve, and (j) lung.



of CSF from the needle hub or aspiration by the syringe,32 the
dose is reduced by 50% to 0.2 mg of morphine (0.4 mL of
Astramorph). Administration of 0.05, 1.0, and 2.0 mg of epidural
morphine per kilogram of body weight decreased the minimum
alveolar isoflurane concentration requirements in cats by 21.4%
± 9.7%, 30.8% ± 9.6%, and 30.2% ± 6.8%, respectively.33 In-
creasing the dose of morphine was not found to be significant,
probably because of a saturation of opioid receptors with increas-
ing doses of morphine. These cats demonstrated a significant de-
crease in systolic, mean and diastolic blood pressure, heart and
respiratory rates, and arterial pH, whereas the arterial carbon
dioxide tension increased with epidural morphine administra-
tion.33 Mild hind-limb ataxia, but no excitement, licking, retch-

ing, or vomiting, was observed up to 60 min into recovery. Such
side effects can be observed in nonanesthetized cats receiving
epidural administration of morphine. Analgesia generally devel-
ops first, lasts longer, and is more profound in somatic areas of
spinal cord segments, which are presumably exposed to the high-
est concentration of morphine.34 The depressant effects of
epidural morphine on the hemodynamic and respiratory centers
are likely the result of interaction with opioid receptors in the
central nervous system (general analgesia) after diffusion to the
brain via the blood and CSF.

Analgesia and behavioral effects of epidural oxymorphone
(0.025, 0.05, and 0.1 mg/kg mixed in 0.13 mL saline/kg) and
saline placebo have been evaluated in four cats.35 A spinal nee-
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Fig. 21.6. Needle placement into the lumbosacral
epidural space of the cat (B) and catheter placement for
continuous epidural anesthesia by using a local anesthetic
and/or analgesia by using an opioid (A). Inset: (a) inter-
spinous ligament, (b) interarcuate ligament (ligamentum
flavum), (c) epidural space with fat and connective tissue,
(d) dura mater, (e) arachnoid membrane, (f) spinal cord, (g)
cerebrospinal fluid, (h) cauda equina, (i) seventh lumbar (L7)
vertebra, (j) first sacral (S1) vertebra, and (k) intervertebral
disk.



dle (22 G � 1.5 inches) was inserted into the epidural space at
the lumbosacral junction, and the doses were given randomly to
each cat anesthetized with isoflurane at 7-day intervals. Iso-
flurane was discontinued, and scores for pain, behavior, and se-
dation were recorded along with indirect blood pressure and res-
piratory rate at 30 and 60 min and hourly thereafter to 480 min.
A noncrushing clamp was briefly placed 5 cm from the tail base
to produce nociception at each time interval. No significant
changes were observed in blood pressure, respiratory rate, behav-
ior, or sedation of healthy cats. Analgesic effects were present for
52 ± 22 min in nontreated cats but increased to 332 ± 111 min
with the highest oxymorphone dose (0.1 mg/kg).

Lumbosacral epidural injection of fentanyl (4 µg/kg) diluted to
a total volume of 1 mL with physiological saline reportedly in-
creases the pain threshold of the hind limb for up to 245 min after
injection. No visible side effects or behavioral changes were ob-
served, nor was analgesia detected in the forelimbs of these
cats.29 Epidural fentanyl injection was associated with a decrease
in heart and respiratory rates and mean arterial blood pressure.30

Epidural fentanyl also increased arterial PCO2 and decreased ar-
terial pH from 15 to 120 min after injection.30 In these same stud-
ies, medetomidine (10 µg/kg) in 1 mL of saline significantly in-
creased the pain threshold up to 245 min (hind limb) and 120 min
(forelimb), respectively. Epidural medetomidine was associated
with mild sedation and emesis in 12 of the 15 cats studied.29 The
hemodynamic profile during isoflurane (2.4%) anesthesia was a
biphasic blood pressure response: first a significant increase (5 to
20 min after injection) and then a significant decrease (30 to 120
min after injection). Arterial PCO2 and blood bicarbonate con-
centration were significantly increased, while arterial pH was
significantly decreased for up to 2 h after epidural medetomidine
administration.30

The N-methyl-D-aspartate (NMDA) receptor antagonistic ac-
tion of ketamine may be useful in patients with chronic patholog-
ical pain states refractory to opioids, anticonvulsants, or antide-
pressants.36 However, the safety of neuraxially administered
ketamine remains unclear. No inflammatory reactions have been
reported in animal studies when preservative-free ketamine has
been used. Ketamine with benzethonium chloride preservative
administered intrathecally has caused radicular demyelinization
in rats.37 Subpial vacuolar myelopathy38 and focal lymphocytic
vasculitis have been observed adjacent to the catheter tip in hu-
mans, but no neurological deficit or other histological changes
were evident.39

Based on the observations to date, the epidural use of �2-
receptor agonists (xylazine and medetomidine), dissociative
anesthetics (ketamine and tiletamine-zolazepam), and anti-
inflammatory drugs (ketoprofen) cannot be advocated for routine
epidural use in cats.40

Conclusion
Local and regional anesthetic techniques can safely be used in
heavily sedated or anesthetized cats. The local and regional anes-
thetic and analgesic techniques described are compatible with
systemically administered opioids (e.g., morphine, butorphanol,

and fentanyl patch), �2-receptor agonists (e.g., xylazine and
medetomidine), dissociative anesthetics (e.g., ketamine and
tiletamine-zolazepam), anti-inflammatory drugs (e.g., ketopro-
fen), and/or inhalation anesthetic drugs (e.g., halothane, isoflu-
rane, and sevoflurane). These techniques are both practical and
effective when applying a multimodal pain-management strategy
in cats.
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Introduction
Choice of Local Anesthetic

Regional Anesthesia
Anesthesia of the Head
Anesthesia of the Limbs

Intra-articular Injections
Podotrochlear (Navicular) Bursa Block
Coffin Block
Pastern Block
Fetlock Block
Digital Flexor Tendon Sheath Block
Carpal Block
Cubital (Elbow) Block
Olecranon Bursa Block
Bicipital Bursa Block
Shoulder Block
Cunean Bursa Block
Tarsal Block
Tibiotarsal Block
Stifle Block
Coxofemoral Block
Trochanteric Bursa Block

Anesthesia for Laparotomy
Infiltration Anesthesia
Paravertebral Thoracolumbar Anesthesia
Segmental Dorsolumbar Epidural Anesthesia
Segmental Thoracolumbar Subarachnoid Anesthesia

Caudal Anesthesia
Caudal Epidural Anesthesia
Other Agents
Continuous Caudal Epidural Anesthesia
Continuous Caudal Subarachnoid Anesthesia

Epidural Opioid Analgesia
Epidural Opioids
Epidural Drug Combinations

Anesthesia for Castration
Anesthesia of the Perineum
Anesthesia of the Penis or Vulva

Therapeutic Local Analgesia
Cervicothoracic (Stellate) Ganglion Block
Paravertebral Lumbar Sympathetic Ganglion Block

Novel Regional Analgesic Techniques
Intra-articular Morphine
Abaxial Nerve Block with Ketamine
Local Application of a 5% Lidocaine Patch

Introduction
Many diagnostic and surgical procedures are performed safely
and humanely in horses by combining local anesthetic tech-
niques with physical restraint and/or sedation. Sedation can be
induced by drugs such as acepromazine, xylazine, or detomidine,
either alone or in combination with morphine or butorphanol,
among others, to facilitate handling of fractious horses.

The techniques in performing nerve and joint blocks vary con-
siderably, depending on such factors as operative size; expected
duration of surgery; size, temperament, and health of the patient;
technical skill and personal preference of the veterinarian; and
economics of time and material. Currently, the most common
techniques used in horses are surface (topical) anesthesia, infil-
tration anesthesia, and a considerable number of peripheral nerve
blocks (regional anesthesia). Peripheral nerve blocks, intra-
articular and intrabursal injections, and local infiltrations (ring
block) are commonly used to aid diagnosis of equine lameness
and as a means of providing analgesia to a surgery site. Peri-
pheral nerve blocks, which are performed at the end of an oper-
ation under general anesthesia, are helpful to control emergence
excitement caused by pain in the recovery period. More complex
infiltration techniques (e.g., cervicothoracic ganglion block or
sympathetic ganglion block) are used by specialists to relieve
vasoconstriction and pain. Similarly, central neural blockade
techniques such as caudal epidural anesthesia, caudal subarach-
noid anesthesia, segmental thoracolumbar epidural anesthesia,
and thoracolumbar subarachnoid anesthesia are usually the
province of specialists. Caudal epidural administration of mor-
phine can provide bilateral analgesia over various sacral and tho-
racic (S5 to T9) dermatomes, with slow onset (6 to 8 h) and long
duration of effect (17 to 19 h), and minimal sedation and car-
diopulmonary effects in horses.

The technique of caudal epidural injection of local anesthet-
ics, which traditionally is used to induce perineal analgesia in
standing horses, has been markedly expanded in the recent years
by the use of novel analgesics (opioids, �2-adrenoceptor ago-
nists, ketamine, and tramadol), and drug combinations. Motor
nerve blockade induced by epidurally applied opiates or �2-
adrenoceptor agonists is minimal, whereas some relief of in-
flammatory, traumatic, perioperative, and chronic pain is possi-
ble. Ataxia, sedation, and cardiovascular side effects after
epidural administration of opiates or �2-adrenoceptor agonists
can be reversed with antagonistic drugs (e.g., naloxone, yohim-
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bine, or atipamezole). Additionally, the use of epidural catheters
and accessories, which are commercially available in various
epidural kits, greatly facilitates long-term analgesic drug admin-
istration in standing horses.

Improper injection technique contributes to inadequate anes-
thesia and complications. Each time a technique is performed, it
will have its own rate of onset and duration, which is related to
the specific local anesthetic used, neuroanatomy (thickness of the
coverings of the nerve, arrangement of fibers within the mixed
nerve, and blood supply to the area of injection), and personal in-
terpretation of the animal’s response.

The equipment for performing local anesthesia should include
sharp and sterile needles, syringes in good working condition,
sterile catheters and stylets, and sterile anesthetic solution.
Chances of infection must be minimized by surgically preparing
the injection sites, especially puncture sites into joints and epi-
dural and subarachnoid spaces. Desired anesthetic effects without
complications can be better obtained by using proper techniques,
including aspiration before injection to avoid placing drug into the
vascular system and avoidance of injections through or into in-
flamed tissues.

Choice of Local Anesthetic
The most commonly used local anesthetics in equine practice are
2% lidocaine (Xylocaine; Astra Pharmaceutical, Worcester, MA)
or mepivacaine (Carbocaine-V; Winthrop Laboratories, New
York, NY) hydrochloride (HCl) solution, both having an interme-
diate duration of action (1 to 2 h). In general, anesthesia begins
most rapidly (within 3 to 5 min) during infiltration techniques
and subarachnoid administration, followed in order of increasing
onset time by minor nerve blockade (5 to 10 min), major nerve
blocks, and epidural anesthesia (10 to 20 min).1 The addition of
epinephrine at concentration of 5 µg/mL (1:200,000) to the local
anesthetic solution can improve the quality and duration of re-
gional and epidural anesthesia. Ropivacaine is a novel local anes-
thetic recently evaluated in horses that provides local anesthesia
for 3 to 6 h, similar to bupivacaine.

Regional Anesthesia
Anesthesia of the Head
The most frequently desensitized nerves of the head are the
supraorbital, infraorbital, mandibular alveolar, and auriculopal-
pebral; other techniques, which desensitize the maxillary,2,3

mandibular,4,5 and ophthalmic nerves,6,7 are not without danger
and seldom used.

Eyelids
Anesthesia of the eyelids requires sensory denervation of four in-
dividual branches of the trigeminal (fifth) cranial nerve: the
supraorbital (or frontal), lacrimal, zygomatic, and infraorbital.
Voluntary closure of the eyelids (palpebral akinesia) is prevented
by desensitizing the dorsal and ventral branches of the palpebral
nerve (auriculopalpebral nerve block). A 1.5- to 2.5-cm, 22- to
25-gauge needle is used to inject local anesthetic without epi-
nephrine to each of the listed nerves (Fig. 22.1).

Upper Eyelid
The supraorbital (or frontal) nerve is the most commonly desen-
sitized.8,9 The nerve emerges through the supraorbital foramen,
which can be easily palpated with the index finger about 5 to 7
cm dorsal to the medial canthus and in the center of an imaginary
triangle formed by grasping the supraorbital process of the
frontal bone with the thumb and middle finger and sliding medi-
ally (Fig. 22.2A). Approximately 2 mL of local anesthetic are in-
jected subcutaneously over the foramen, 1 mL as the needle is in-
serted into the foramen and 2 mL as the needle is inserted to its
full depth (2.5 cm) into the foramen (Fig. 22.2B). Successful ad-
ministration of local anesthetic desensitizes the forehead, includ-
ing the middle two-thirds of the upper eyelid and palpebral motor
supply from the auriculopalpebral nerve (A in Fig. 22.3).
Auriculopalpebral nerve block has no significant effect on in-
traocular pressure or peripheral corneal thickness in horses.10

The lateral canthus and lateral aspect of the upper eyelid are
desensitized by administering local anesthetic to the lacrimal
nerve.9,11 The needle is inserted percutaneously at the lateral can-
thus and directed medially along the dorsal rim of the orbit (B in
Fig. 22.4). A deep injection of 2 to 3 mL of the anesthetic at this
site also desensitizes the lacrimal gland, local connective tissue,
and temporal angle of the orbit (B in Fig. 22.3).

Medial canthal anesthesia is achieved by inserting the needle
through the bony notch or irregularity on the dorsal rim of the
orbit near the medial canthus and injecting 2 to 3 mL of local
anesthetic around the infratrochlear nerve (C in Fig. 22.4). This
procedure also desensitizes the nictitans, lacrimal organs, and
connective tissues (C in Fig. 22.3).9,11

The lower two-thirds of the lower eyelid, skin, and connective
tissue are desensitized by placing the needle subcutaneously on
the lateral aspect of the bony orbit and supraorbital portion of the
zygomatic arch (the site where the rim begins to rise), and infil-
trating the zygomatic nerve with 3 to 5 mL of the anesthetic (D
in Figs. 22.3 and 22.4).9,11
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Fig. 22.1. Sites for needle placement to desensitize the supraorbital
(A), auriculopalpebral (E and F), infraorbital (G and H), mental (I), and
alveolar mandibular (K) nerves.



Paralysis of the Orbicularis Oculi Muscles
Desensitization of the auriculopalpebral nerve is most frequently
used for examination of the eye and temporary relief of eyelid
spasms, since voluntary closure of the eyelids (akinesia) is pre-
vented. The eyelids remain sensitive. In combination with topical
anesthesia, this block is useful for removal of foreign bodies from
the cornea and other ocular surgery. At least two injection sites
have been suggested for paralyzing the palpebral musculature: ei-
ther the most dorsal point of the zygomatic arch (E in Fig. 22.1)4

or the depression caudal to the mandible at the ventral edge of the
temporal position of the zygomatic arch (F in Fig. 22.1).11–13 In
each location, the needle is placed subfascially, and 5 mL of the
local anesthetic is administered in a fan-shaped manner.

Upper Lip and Nose
Anesthesia of the upper lip and nose requires a 2.5-cm, 20-gauge
needle and deposition of 5 mL of local anesthetic to the infraor-
bital nerve as it emerges from the infraorbital canal (G in Fig.
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Fig. 22.2. A: Palpation of the supraorbital nerve. B: A 2.5-cm, 25-gauge needle is inserted into the supraorbital foramen.

Fig. 22.3. Area of skin desensitization after blocking the supraor-
bital (A), lacrimal (B), infratrochlear (C), zygomatic (D), infraorbital (G),
and mental (I) nerves.

Fig. 22.4. Needle placement to supraorbital (A), lacrimal (B), in-
fratrochlear (C), zygomatic (D), and (E and F) auriculopalpebral
nerves.
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22.1).4,8 After displacing the flat levator labii superioris muscle
dorsally, the bony lip of the infraorbital foramen can be palpated
by the index finger about half the distance and 2.5 cm dorsal to a
line connecting the nasomaxillary notch and the rostral end of the
facial crest. Successful perineural infiltration of the local anes-
thetic at this site results in anesthesia of the entire anterior half of
the face from the foramen rostrally (G in Fig. 22.3).

Upper Teeth and Maxilla
If a 5.0-cm, 20-gauge spinal needle is inserted into the infraor-
bital foramen and is advanced into the infraorbital canal for a
depth of up to 3.5 cm (H in Fig. 22.1), the deposition of 5 mL of
local anesthetic is adequate to desensitize the teeth as far as the
first molar, the maxillary sinus, the roof of the nasal cavity, and
the skin almost to the medial canthus of the eye.14,15 Although
local anesthesia can be produced for premolars and maxilla, ex-
traction of these teeth and trephination of the maxillary sinus are
more easily accomplished using general anesthesia.

Lower Lip
Anesthesia of the lower lip is induced by using a 2.5-cm, 22-
gauge needle and successfully desensitizing the mental nerve
rostrally to the mental foramen with 5 mL of local anesthetic. (I
in Figs. 22.1 and 22.3).4,13 The lateral border of the mental fora-
men is easily palpated at the horizontal ramus of the mandible in
the middle of the interdental space, after the tendon of the de-
pressor labii inferioris muscle is dorsally displaced.

Lower Incisors and Premolars
A 7.5-cm, 20-gauge spinal needle is inserted into the mental fora-
men and is advanced into the mandibular canal as far as possible
in a ventromedial direction to inject 10 mL of local anesthetic to
desensitize the mandibular alveolar nerve, thereby extending the
area of anesthesia caudally as far as the third premolar (K in Fig.
22.1).4,5,8,16 The technique is difficult, so extraction of teeth is
better accomplished under general anesthesia.

Anesthesia of the Limbs
Regional anesthesia (peripheral nerve blocks),1,17–32 intra-
articular injection,1,32–48 intrabursal injection1,49–51 and local in-
filtration (ring block) are used to provide intraoperative and post-
operative anesthesia to a surgery site and aid in accurate diagno-
sis, prognosis, and especially recommendation and treatment of
equine lameness.

These techniques for the diagnosis of lameness are seldom
used, however. Instead, review of the horse’s medical history; ob-
servation of the horse at rest (standing normally with all feet on
the ground); examination for exostosis or lumps; palpation of
areas that are inflamed, enlarged, or seem sore; use of the hoof
tester to determine painful areas or to determine whether the
horse becomes more lame after a specific part of the leg has been
manipulated; and observation of the horse in motion are relied
upon in making the diagnosis. In some cases the diagnosis is not
obvious, and nerve blocks and good-quality radiographs with ad-
equate view are required to make a specific diagnosis. Rectal pal-
pation of ovaries, uterus, aorta, iliac vessels, pelvis, kidney, and

viscera of a female and palpation of the inguinal canal of a stal-
lion or gelding are additional examinations in cases of difficult
diagnosis of hind-limb lameness. Restraint is best achieved phys-
ically with a twitch applied to the horse’s upper lip and a man
picking up the front leg on the same side as the operator.

To prevent infection, sterile syringes, needles, and local anes-
thetic should be used for each injection. Subcutaneous injections,
as a minimum, require an alcohol preparation. Show-horse own-
ers object to clipping and shaving of the site of needle penetra-
tion.41 Intra-articular injections require a surgical scrub because
of the risk of introducing contaminates; clipping the site is con-
sidered optional by many practitioners. Care must be taken not to
place fingers on the end of the needle hub or especially on the tip
of the syringe because of risk of contamination. To improve asep-
tic technique, it is wise to use surgical gloves when performing
more complicated nerve and joint blocks.

Nerve blocks and intra-articular injections are performed first
on the most distal branches of nerve trunks and joints, and pro-
ceed proximally with a systematic approach. Performing nerve
blocks proximal to the carpus and tarsus is very uncommon.
Proximal to the metacarpus, diagnostic anesthesia of the equine
pectoral limb is nonspecific and best accomplished by joint anes-
thesia.20 All corresponding digital nerves can be blocked on the
hind limb as with the front limb (Figs. 22.5 and 22.6). A needle
that is inserted in a distal to proximal direction and then attached
to the syringe is less likely to break off if the horse makes a sud-
den leg movement. Adequate amounts of local anesthetic should
be administered and enough time given for maximal effect. Post
block examination is best accomplished by using deep digital
pressure and pressure exerted by either a hoof tester, or a ballpoint
pen for 1 to 2 s to test skin sensation distal to the block. Pressure
from a blunt-tip instrument, such as a ballpoint pen, is preferable
over a needle and avoids the production of numerous bleeding
points.26 The limb should be rubbed down and wrapped to prevent
swelling and inflammation after the use of local anesthetic.

Local diagnostic blocks may fail or partially fail for several
reasons, most common of which are incorrect anatomical depo-
sition, inadequate anesthetic volume, dilution or hemodilution of
anesthetic agent, presence of fibrous connective tissue inhibiting
diffusion of anesthetic agent, multiple sites of pain, and the in-
correctly perceived location of lameness.48 Horses may become
ataxic after nerve blockade in the limbs. Ataxia may lead to self-
trauma because the horse may not know where the limbs are ac-
tually being placed.31

Digital Nerves
The palmar (or plantar) digital nerve is desensitized with the leg
either bearing weight or elevated. It is palpated on the palmar (or
plantar) aspect of the pastern medially and/or laterally midway
between the coronary band and fetlock just palmar (or plantar) to
the digital vein and artery (A in Figs. 22.5 and 22.6). A 2.5-cm,
25-gauge needle is inserted anteriorly to a depth equal to the
length of the needle, and approximately 2 mL of local anesthetic
is injected. Proper nerve blockade desensitizes the posterior one-
third of the foot, including the navicular bursa, 5 to 10 min after
the injection (Fig. 22.7A).

608 ● Selected Anesthetic and Analgesic Techniques



Anterior (or Dorsal) Digital Nerve Block
To block the dorsal or anterior digital nerve, which supplies sen-
sory fibers to the anterior two-thirds of the hoof, the needle is di-
rected anteriorly to the site of the posterior digital nerve and is in-
serted to a depth equal to the length of the needle while
infiltrating subcutaneously 3 to 5 mL of local anesthetic (B in
Figs. 22.5 and 22.6). All structures of the entire digit distal to the
injection become anesthetized, including phalanges P1, P2, and
P3; the proximal and distal interphalangeal joints; the entire
corium; the dorsal branches of the suspensory ligament; and the
distal extensor tendon.

Abaxial (Basilar) Sesamoidean Nerve Block
This can be done at the anterior and posterior digital nerves at the
abaxial surface of the proximal sesamoids, to provide better anal-
gesia of the pastern and proximal pastern joints (C in Figs. 22.5
and 22.6). Successful injections of 3 to 5 mL of local anesthetic
subcutaneously at that site desensitize the entire foot distal to the
injection, including the back of the pastern area and distal
sesamoidean ligaments.

Low Palmar (or Plantar) Nerve Block
This is performed by injecting approximately 2 to 3 mL of local
anesthetic at the following four points (four-point block) while
the limb is bearing weight: the medial and lateral palmar or plan-
tar nerves (D in Figs. 22.5 and 22.6) and the medial and lateral

palmar metacarpal or plantar metatarsal nerves (E in Figs. 22.5
and 22.6) distal to the communicating branch of the medial and
lateral palmar or plantar nerves (F in Figs. 22.5 and 22.6). The in-
jections are made between the flexor tendon and suspensory lig-
ament (blocks medial and lateral palmar or plantar nerves) and
between the suspensory ligament and the splint bone (blocks me-
dial and lateral palmar metacarpal or plantar metatarsal nerves).
This procedure desensitizes almost all structures distal to the fet-
lock and fetlock joint, except for a small area, dorsal to the fet-
lock joint, that is supplied by sensory fibers of the ulnar and mus-
culocutaneous nerves (D in Fig. 22.7).

High Palmar (or Plantar) Nerve Block
Performing this block proximal to the communicating branch (F
in Figs 22.5 and 22.6) of the medial and lateral palmar (or plan-
tar) nerves assures that the palmar metacarpal (or plantar
metatarsal) region, the fetlock, and all of the digits are desensi-
tized (G in Figs. 22.5 and 22.6). A 3.75-cm, 22-gauge needle is
placed subfascially into the groove between the suspensory liga-
ment and deep flexor tendon on both the medial and the lateral
sides approximately 5 cm distal to the carpometacarpal (car-
pometatarsal) joint, where 5 mL of the local anesthetic is in-
jected.52 The dorsal metacarpal (or metatarsal) region will still
have sensation, but can be desensitized by injecting local anes-
thetic subcutaneously around the front of the cannon bone (ring
block) (D + E in Fig. 22.7).
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Fig. 22.5. Needle placement for nerves of the distal part of the left
thoracic limb of the horse, lateral (L), palmar (P), and medial (M)
views: lateral and medial palmar digital nerves (A), dorsal branches
(B), lateral and medial palmar digital nerves (base sesamoid) (C), lat-
eral and medial palmar nerves (D and G), lateral and medial palmar
metacarpal nerves (E), communicating branch (F), and location of
high suspensory block (H).

Fig. 22.6. Needle placement for nerves of the distal part of the left
pelvic limb of the horse, lateral (L), plantar (P), and medial (M) views:
lateral and medial plantar digital nerves (A), dorsal branches (B), lat-
eral and medial plantar digital nerves (base sesamoid) (C), lateral and
medial plantar nerves (D and G), lateral and medial plantar metatarsal
nerves (E) communicating branch (F), and location of high suspensory
block (H).



High Suspensory Block
Deposition of 5 mL of local anesthetic solution to the medial and
lateral palmar metacarpal (or plantar metatarsal) nerves (H in
Figs. 22.5 and 22.6), which are subfascial between the superficial
digital flexor tendon and the suspensory ligament, desensitizes
the interosseous muscle (suspensory ligament) and inferior check
ligament, the caudal aspect of the metacarpus (metatarsus), and
the adjacent splint bones (G in Fig. 22.7).

Nerve Blocks Proximal to the Carpus
It is very uncommon to perform higher nerve blocks than the
high suspensory block on the forelimb; however, to induce anes-
thesia of the carpus and distal forelimb, three nerves must be de-
sensitized: the median, ulnar, and branches of the musculocuta-
neous nerve. The median nerve is desensitized on the medial

aspect of the forelimb, approximately 5 cm ventral to the elbow
joint, by using a 3.75-cm, 20-gauge needle and injecting 10 mL
of the anesthetic (A in Fig. 22.8). The ulnar nerve is desensitized
by inserting a 2.5-cm, 22-gauge needle 10 cm proximal to the ac-
cessory carpal bone between the flexor carpi ulnaris and ulnaris
lateralis muscles and injecting 5 mL of the anesthetic solution 1.5
cm deep beneath the fascia (B in Fig. 22.8). The medial cuta-
neous antebrachial nerve, a branch of the musculocutaneous
nerve, is easily palpated just cranially to the cephalic vein at the
anteromedial aspect of the forelimb halfway between the elbow
and carpus. Approximately 10 mL of the anesthetic solution is
deposited subcutaneously at that site by using a 2.5-cm, 22-
gauge needle (C in Fig. 22.8).

Nerve Blocks Proximal to the Tarsus
It is very uncommon to do any higher blocks than the high sus-
pensory block in the hind limb, but, to complete anesthesia of the
hind limb from the tarsus distally, four nerves must be desensi-
tized: tibial, saphenous, superficial peroneal (superficial fibular),
and deep peroneal (deep fibular). The tibial nerve is desensitized
by using a 2.5-cm, 22-gauge needle to inject 15 to 20 mL of local
anesthetic subfascially between the combined tendons of the gas-
trocnemius muscle and superficial flexor tendon. Injection is best
made on the medial aspect of the partially flexed limb, approxi-
mately 10 cm proximal to the point of the tarsus. Successful
blockade desensitizes the posterior metatarsal region and most of
the foot (A in Fig. 22.9). A ring block of the dorsal metatarsal re-
gion may be necessary to desensitize the anterolateral region.
The saphenous nerve is desensitized by inserting a 2.5-cm, 22-
gauge needle subcutaneously on the cranial or caudal aspect of
the median saphenous vein, proximal to the tibiotarsal joint, and
injecting 5 mL of the local anesthetic (B in Fig. 22.9). The me-
dial aspect of the thigh and part of the metatarsal region will be
anesthetized. The superficial and deep peroneal (fibular) nerves
can be simultaneously desensitized by inserting a 3.75-cm, 22-
gauge needle between the long and lateral digital extensor mus-
cles approximately 10 cm proximal to the lateral malleolus of the
tibia (C in Fig. 22.9). The superficial branch of the nerve is infil-
trated subcutaneously with 10 mL of the local anesthetic. The
needle is then advanced 2 to 3 cm to penetrate the deep fascia and
to deposit 15 mL of the anesthetic around the deep branch.
Anesthesia should include the anterolateral tarsal and metatarsal
regions and the joint capsule of the tarsus.

Intra-articular Injections
Although arthrocentesis implies aspiration of synovial fluid, it al-
lows for instillation of local anesthetic for the purpose of diag-
nostic anesthesia and use of therapeutic agents (e.g., saline
flushes, antibiotics, hyaluronic acid, and anti-inflammatory
drugs) as a therapy for certain diseases. The two most common
local anesthetic agents used in intra-articular injections are mepi-
vacaine and lidocaine HCl solution. Mepivacaine appears to
cause less irritation than lidocaine for use in intra-articular injec-
tions.53 Proper restraint, either physical or chemical, is indicated,
and each horse should be considered potentially fractious.
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Fig. 22.7. Desensitized subcutaneous area after A, D, D + E, and G
blockade.



Podotrochlear (Navicular) Bursa Block
Numerous different techniques for injection of the navicular
bursa have been described, but there is little conformity among
these descriptions.54 The procedure is best performed while the

limb is bearing weight. The position of the navicular bone is
highly predictable as a point 1.0 cm distal to the coronary band
and halfway between the most dorsal and most palmar aspect of
the coronary band. Irrespective of foot confirmation, anesthesia
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Fig. 22.8. Needle placement for
median nerve (A), ulnar nerve (B),
and musculocutaneous nerve (C);
cross sections and desensitized
subcutaneous areas of left fore-
limb. L, lateral; M, medial; P, pal-
mar; and D, dorsal aspects.

Fig. 22.9. Needle placement for
tibial nerve (A), saphenous nerve
(B), and peroneal nerve (C); cross
sections and desensitized subcu-
taneous areas of left rear limb; L,
lateral; M, medial; P, plantar; and
D, dorsal aspects.



of the podotrochlear (navicular) bursa is induced by inserting a 5-
to 7.5-cm, 18-gauge spinal needle through the digital pad be-
tween the bulbs of the heel until the needle strikes the bone along
the midline at a point approximately at the level of the coronary
band (A in Fig. 22.10). The needle is then slightly withdrawn
until very little synovial fluid is aspirated, and 3 to 5 mL of local
anesthetic is injected. Analgesia of the navicular bursa is more ef-
fective in desensitizing the dorsal margin of the sole than in de-
sensitizing the angles of the sole.55

Coffin Block
Pain arising from the dorsal margin of the sole in horses can be
attenuated by anesthesia of either the distal interphalangeal (cof-
fin) joint (P2-P3) or palmar digital nerves.56 The distal interpha-
langeal joint is desensitized with 5 to 10 mL of local anesthetic.
A 3.75-cm, 18- to 20-gauge needle is inserted 1.5 cm proximal to
the coronet approximately 2 cm lateral to the vertical center of
the pastern and is directed obliquely ventral to the tendon toward
the extensor process (B in Fig. 22.10). Anesthesia of the
podotrochlear (navicular) bursa depends on diffusion of the local
anesthetic through the suspensory ligament to the bursa, because
the coffin joint and podotrochlear (navicular) bursa do not com-
municate. The combination of lidocaine HCl (20 mg/mL), epi-
nephrine (0.012 mg/mL), and sodium penicillin (800,000 IU)
must not be injected into the coffin joint of horses, because it can
cause irreversible lameness through ossifying arthrodesis.57

Pastern Block
The proximal interphalangeal (pastern) joint (P1-P2) can be en-
tered with ease by inserting a 3.75-cm, 20- to 22-gauge needle
medially or laterally to the midline on the palpable epicondyles
of P2, and injecting 5 to 8 mL of local anesthetic. The needle is
directed vertically and inserted for approximately 2.5 cm (C in
Fig. 22.10).

Fetlock Block
The metacarpophalangeal or metatarsophalangeal (fetlock) joint
is one of the commonly and easily injected joints. A 3.75-cm, 20-
to 22-gauge needle is inserted into the lateral pouch distal to the
splint bone and dorsal to the annular ligament of the fetlock at a
depth of approximately 0.5 to 1.5 cm (D in Fig. 22.10). When
distended, this joint capsule may also be penetrated on the cra-
nial surface of the joint. Approximately 8 mL of local anesthetic
solution is injected.

Digital Flexor Tendon Sheath Block
This can be desensitized by inserting a 3.75-cm, 18- to 20-gauge
needle to the distal end of the splint (“button”) either medially or
laterally cranial to the deep and superficial flexor tendons and
caudal to the suspensory ligament, and injecting 10 mL of local
anesthetic (E in Fig. 22.10).

Carpal Block
The radiocarpal (antebrachial carpal) and intercarpal (middle
carpal) joints are the two most commonly injected carpal joints.
The carpometacarpal joint communicates with the middle (inter-
carpal) joint and therefore does not require separate entry.52 In
one commonly used technique, the carpus is flexed and a 3.75-
cm, 20-gauge needle is inserted on either side of the palpable ex-
tensor carpi radialis tendon to inject 5 to 10 mL of local anes-
thetic into each joint (A and B in Figs. 22.11 and 22.12). In an
alternative method, which is used by many racetrack practition-
ers in standing horses, the needles are inserted perpendicularly
through the skin on the posterolateral aspect of the radiocarpal
and intercarpal joint spaces (C and D in Fig. 22.12). To locate the
lateral site for penetration of the radiocarpal joint, the lateral dig-
ital extensor tendon and tendon of the ulnaris lateralis muscle are
identified at the distal end of the ulna. These tendons narrow to
form a depressed “V” anterior to the accessory carpal bone. The
needle is then inserted approximately 1 to 2 cm distal to this V in
the radiocarpal joint (C in Fig. 22.12). The intercarpal joint is ap-
proximately 2.0 to 2.5 cm distal to the first injection site (D in
Fig. 22.12). The needles are inserted 1 to 2 cm until the joint
spaces are encountered. Advantages of this technique include
minimal risk of injuring the articular surfaces of the bones and
injecting local anesthetic into a larger space of a more stable po-
sition of the leg from a safe lateral approach.44,47

Cubital (Elbow) Block
This is not a usual source of lameness, so it is rarely desensitized.
A 5-cm, 18-gauge needle is inserted into the depression between
the lateral epicondyle of the humerus and the lateral tuberosity of
the radius at the anterior edge of the lateral collateral ligament (A
in Fig. 22.13). Repeated flexion of the elbow joint greatly facilitates
the identification of the palpable landmarks. The needle is directed
obliquely in a caudomedial direction to reach the elbow joint at a
depth of 3 to 4 cm; up to 20 mL of local anesthetic is required.

Olecranon Bursa Block
This is performed by inserting a 3.75-cm, 18-gauge needle cau-
dal to the olecranon, directing the needle obliquely from proxi-
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Fig. 22.10. Needle placement into the podotrochlear bursa (A), cof-
fin joint (B), pastern joint (C), volar pouch of fetlock joint capsule (D),
and digital flexor tendon sheath (E).



mal to distal and injecting about 10 to 15 mL of the local anes-
thetic (B in Fig. 22.13).

Bicipital Bursa Block
After the biceps brachii muscle is palpated, a 7.5-cm, 18-gauge
spinal needle is inserted between the muscle and the proximal
humerus from below and approximately 4 cm ventral and 2 cm
posterior to the palpable anterior prominence of the lateral
tuberosity of the humerus (C in Fig. 22.13). The needle is ad-
vanced up to 5 cm obliquely dorsomedial toward the opposite
point of the shoulder to penetrate the bursa. At least 10 mL of
local anesthetic is injected, and a 20-min period is allowed for
maximal effect.

Shoulder Block
The scapula humeral (shoulder) joint can be difficult to enter be-
cause of its relative depth. Limb motion or muscle contraction
must be prevented to avoid bending of a positioned needle. The
tendon of the infraspinatus muscle can be palpated as a tense
band extending from the scapula to the proximal humerus. A 7.5-
to 12.5-cm, 18-gauge spinal needle is inserted just cranial to the
tendon and between the palpable projections of the anterior and
posterior parts of the lateral tuberosity of the humerus, and is di-
rected to the opposite elbow (D in Fig. 22.13). Penetration from
skin is up to 7.5 cm or until synovial fluid is aspirated. A volume
of 30 mL or more of the anesthetic is injected. The shoulder joint
may communicate with the bicipital bursa in some horses; there-
fore, injection of local anesthetic into the shoulder joint may dif-
fuse the anesthetic to the bicipital bursa and improve a lameness
associated with that structure.45,46
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Fig. 22.11. Needle placement into the radiocarpal joint (A) and the
intercarpal joint (B) of the right forelimb.

Fig. 22.12. Needle placement into the radiocarpal
(A and C) and intercarpal (B and D) joints of the left
forelimb (a, lateral digital extensor tendon; b, tendon
of ulnaris lateralis muscle; and c, accessory carpal
bone).



Cunean Bursa Block
This block is more commonly performed in standardbreds and
less commonly in horses that are ridden.49,50 The cunean tendon
is the tendon of the medial branch of the tibialis anterior muscle
extending diagonally from anterior to posterior and inserting in
the tarsal bone on the medial aspect of the tarsus (A in Fig.
22.14). A 2.5-cm, 22-gauge needle is inserted approximately 1.5
cm distal to the cunean tendon and then advanced between the
cunean tendon and the tarsal bone to penetrate the bursa from
distally. This approach is safe and, should the horse move, is less
likely to break off the needle in the surrounding tissues. At least
10 mL of local anesthetic is frequently required and administered
as the needle enters the skin, coming from under the tendon to fill
the entire bursa after penetration (Fig. 22.15). One way to con-
firm the correct location of the block is to observe the increased
intrabursal pressure causing local anesthetic to flow forcefully
from the needle after removal of the syringe. A period of at least
20 min is required for maximum anesthetic effect.

Tarsal Block
Desensitizing the distal intertarsal and tarsometatarsal joints with
local anesthetic improves lameness associated with early bone
spavin. The tarsometatarsal joint is most easily entered by a 2.5-
cm, 22-gauge needle on the posterior lateral aspect of the hock
over the lateral head of the splint (metatarsal IV) (Fig. 22.16 and
B in Fig. 22.14). The intertarsal joint is entered by a 2.5-cm, 22-
gauge needle at a right angle to the skin ventral to the cunean ten-

don on the medial aspect of the tarsus (C in Fig. 22.14).
Approximately 6 mL of local anesthetic solution is injected into
the intertarsal joint space with pressure. Considerable resistance
will be encountered, even with the needle placed in the joint.
Sometimes the needle must be turned to be sure that the bevel is
not against bone and allows for injection of the anesthetic solu-
tion. In an alternative method, a 2.5-cm, 22-gauge needle can be
placed into the tarsometatarsal joint approximately 2.5 cm distal
to the intertarsal joint while injecting the local anesthetic (D in
Fig. 22.14). Communication between the distal intertarsal and
tarsometatarsal joints is variable, but can be demonstrated by
placing one needle in each of the two joints and observing the
local anesthetic flowing from one needle after the anesthetic is
injected into the other needle.37,40 There is a higher pressure 
in the distal joint and, to get good dispersion of local anesthetic
in both joints, both sites should be injected with local anesthetic
solution.

Tibiotarsal Block
One of the most common joints in which arthrodesis is per-
formed is the tibiotarsal (tarsocrural) joint. It is the easiest of all
the equine joints to inject.35 This joint is penetrated with a 3.75-
cm, 18-gauge needle at the craniomedial aspect 2 to 3 cm ventral
to the medial malleolus of the tibia on either the medial or lateral
side of the saphenous vein (E in Fig. 22.14). The capsule is thin,
superficial, and easily observed, and may also be distended cau-
domedially and craniolaterally in cases of tarsal osteoarthrosis
(bone spavin).37 The needle is inserted to a depth of less than 2
cm in a slightly dorsal direction toward the anterior medial aspect
of the hock. Approximately 15 mL of local anesthetic is injected
after synovial fluid is recovered on aspiration. Complete anesthe-
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Fig. 22.13. Needle placement into the elbow joint (A), olecranon
bursa (B), bicipital bursa (C), and shoulder joint (D) of the left forelimb.

Fig. 22.14. Needle placement into the cunean bursa (A), tar-
sometatarsal space (B and D), distal intertarsal space (C), and tibio-
tarsal space (E) of the left hock joint; medial aspect.



sia of the tibiotarsal joint has been achieved in healthy horses
(250 to 680 kg) by intra-articular administration of 2 mL of 4%
procaine HCl solution. The intra-articular concentration of pro-
caine ranged from 3.7 to 5.4 mg of procaine/mL at 1 h after ad-
ministration, which is above the anesthetic threshold concentra-
tion (0.2 mg/mL).39

Stifle Block
The stifle (genual) joint, which is the largest joint in the hind
limb, consists of the femoropatellar and femorotibial joint
spaces, which consist of medial and lateral pouches. The medial
femoropatellar pouch is the common site where the stifle joint is
injected for diagnostic blocks. It is most easily entered dorsal to
the tibial crest between the middle and medial patellar ligaments
(A in Fig. 22.17). The medial femoropatellar pouch enclosing the
femoropatellar joint communicates with the medial femorotibial
pouch of the femorotibial joint in most horses. The communicat-
ing opening, however, can be obstructed in an inflamed stifle
joint, necessitating the injection of local anesthetic or medication
into each individual compartment.22 Entering the medial pouch
of the femorotibial joint is technically difficult, but is accom-

plished between the medial patellar ligament and the medial col-
lateral ligament approximately 4 cm dorsal to the proximal me-
dial edge of the tibia (B in Fig. 22.17). The medial femorotibial
pouch is chosen by some clinicians as the injection site because
it is the area that is most likely to have injury and pain causing
lameness. There is seldom an indication for injecting the lateral
femorotibial pouch of the stifle joint because there is seldom in-
jury in this area. The lateral femorotibial pouch can be entered
and injected between the lateral patellar ligament and the lateral
collateral ligament (C in Fig. 22.17). In some cases (approxi-
mately 25%), a communicating opening between the femoro-
patellar pouch and the lateral femorotibial pouch exists. A 5- to
7.5-cm, 18-gauge spinal needle is satisfactory for penetrating the
joint capsule and injecting 30 to 40 mL of anesthetic into each
pouch. To make the injection, it is best to feel around with the
needle and insert it to a depth of 3 to 4 cm, until some resistance
is encountered, during penetration of the joint capsule. Addi-
tional resistance is felt as local anesthetic solution is injected. A
few drops of joint fluid can be recovered after some local anes-
thetic has been administered, but seldom is joint fluid aspirated
before the injection of local anesthetic. It is important to use a
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Fig. 22.16. Collection of fluid from the tarsometatarsal joint (left rear
leg).

Fig. 22.15. Injection of local anesthetic (10 mL) into the cunean
bursa of the right rear limb; medial aspect.



larger rather than a smaller amount of local anesthetic and allow
at least 20 min for maximal effect. Many horses will continue to
improve for up to an hour after the injection. Any improvement
in lameness is significant, because few horses are entirely sound
after local anesthetic has been injected into the stifle joint. This
is probably because most lameness involves the medial collateral
ligaments and/or cruciate ligaments and structures adjacent to,
but not inside, the joint capsule.

Coxofemoral Block
The coxofemoral (hip) joint is the most difficult of all joints to
inject, so several approaches have been described.22,35,36,43 The
skin between the anterior and posterior eminences of the great
trochanter of the femur is desensitized by injecting a small
amount of local anesthetic. A wide-bored needle (3.75-cm, 14-
gauge) is first inserted at that site, through which a thinner (15-
cm, 18-gauge) and more flexible needle is inserted. The needle is
then advanced anteromedially along the femoral neck until the
joint capsule is penetrated (A in Fig. 22.18). The injection of 30
to 50 mL of local anesthetic is adequate, after synovial fluid is re-
covered on aspiration. Improvement in lameness should be as-
sessed only after a minimum period of 30 min has passed to
allow time for maximal anesthetic effect.

Trochanteric Bursa Block
The trochanteric bursa is located on the lateral aspect of the hip,
between the anterior crest of the great trochanter of the femur and
the middle gluteal muscle. The bursa is entered and injected by a
7.5-cm, 18-gauge needle, which is inserted 3 to 5 cm ventral to
the anterior crest of the great trochanter and is directed dorsally
and medially (B in Fig. 22.18). Synovial fluid is recovered by
using continuous suction of a syringe that is attached to the nee-
dle, and then 10 to 15 mL of local anesthetic can be injected.

Anesthesia for Laparotomy
At least four techniques for obtaining anesthesia of the paralum-
bar and abdominal wall in standing horses have been described:
(a) infiltration anesthesia, (b) paravertebral thoracolumbar anes-
thesia, (c) segmental dorsolumbar epidural anesthesia, and (d)
segmental thoracolumbar subarachnoid anesthesia. Although in-
filtration of the incision line is the easiest and probably the most
commonly used technique, any of these techniques may be used
for abdominal surgery required for exploratory laparotomy, in-
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Fig. 22.18. Needle placement into the
coxofemoral joint (A) and the trochanteric
bursa (B).

Fig. 22.17. Needle placement into the femoropatellar pouch (A),
medial femorotibial pouch (B), and lateral femorotibial pouch (C) of
the stifle joint.



testinal biopsy, ovariectomy, cesarean section, embryo transfer,
castration of stallions with abdominal cryptorchidism, and liver
or kidney biopsy.

Infiltration Anesthesia
Simple infiltration of the incision line (line block) is commonly
used in equine practice. A 2.5-cm, 20-gauge or smaller needle is
used for multiple subcutaneous injections of 1 mL of local anes-
thetic for each centimeter of incision. This can be repeated until
the entire length of the desired incision is blocked. Pain is mini-
mized by slow and continuous injections as the needle is inserted
at the edge of the desensitized skin. This technique assures that
the horse senses only the initial needle penetration. The needle
can be advanced in multiple directions to produce a fan-shaped
area of desensitization. Usually 10 to 15 mL of anesthetic is ad-
equate for the skin and subcutaneous line block, whereas 50 to
150 mL of the anesthetic may be required to desensitize the
deeper layers of muscle and peritoneum, depending on the area
to be desensitized. A 7.5- to 10-cm, 18-gauge needle is used for
deep deposition of the anesthetic. Toxicity is not to be expected
with dosages of less than 250 mL of 2% lidocaine HCl solution,
which is equivalent to 5 g, for infiltration of the paralumbar fossa
in adult horses (500 kg),2,58 whereas the intravenous bolus ad-
ministration of much smaller doses (150 mL, 3 g/adult horse)
may cause convulsions. At least 15 min should be allowed for
maximal anesthetic effect. The primary advantages of local infil-
tration anesthesia are the ease of performing the technique and
that precise knowledge of nerve location is not necessary. The
disadvantages include disruption of normal tissue architecture,
with excessive amount of fluid, hematoma, and trauma; incom-
plete anesthesia (particularly of the peritoneum); incomplete
muscle relaxation of the deeper layers of the abdominal wall;
toxicity after inadvertent injection into the peritoneal cavity; and
increased cost and time required for long incisions (>1 m) as
might be required for a cesarean section surgery.

Paravertebral Thoracolumbar Anesthesia
If a longer (>1 m) incision of the skin, musculature, and peri-
toneum of the midflank region is required, paravertebral thora-
columbar anesthesia (paravertebral block) can be used as an al-
ternative to infiltration anesthesia.7,59–61 This block is technically
more difficult and less popular than other techniques, but can be
accomplished in thin-muscled horses with palpable landmarks.
The last thoracic (T18) and first and second lumbar (L1 and L2)
spinal nerves are desensitized approximately 10 cm from the
midline, after they have emerged from the intervertebral foram-
ina and ramified into dorsal and ventral branches and their me-
dial and lateral ramifications, respectively (Fig. 22.19).
Approximately 10 mL of local anesthetic is injected to desensi-
tize the lateral cutaneous branches of the dorsal spinal nerves
T18, L1, and L2 subcutaneously at three sites: halfway between
the last rib and the distal end of the first lumbar transverse
process (for T18), between the first and second lumbar transverse
processes (for L1), and between the second and third lumbar
transverse processes (for L2). The injection sites for desensitiz-
ing the spinal nerves are easily identified by locating the third

lumbar transverse process, which lies on a line between the most
caudal extension of the last rib and perpendicular to the long axis
of the spinal vertebrae.61 The distance between the injection sites
ranges from 3 to 6 cm (Fig. 22.20). After the skin is desensitized,
a 7.5-cm, 18-gauge needle is inserted at each site to reach the
ventral branches of T18, L1, and L2. The needle is first advanced
until the peritoneum is punctured, which is indicated by either a
loss of resistance to needle insertion or a slight sucking sound as
air enters the needle. The point of the needle is then withdrawn
to a retroperitoneal position, where a second deposit of 15 mL of
local anesthetic is injected (B in Fig. 22.19). The advantages of
paravertebral anesthesia when compared with infiltration anes-
thesia include the use of smaller doses of anesthetic, a wide and
uniform area of anesthesia and muscle relaxation, and absence of
local anesthetic from the operative wound margin, thus minimiz-
ing edema, hematoma, and possible interference with healing.
The disadvantage is difficulty in performing the technique for the
inexperienced practitioner. The fat and muscles in some horses
almost put the transverse processes out of range of palpation,
making the technique more time consuming or unpractical. There
is some bowing of the back toward the desensitized side, making
it more difficult to close the incision and navigate tissue land-
marks. Inadvertent desensitization of the third lumbar spinal
nerve, which carries motor fibers to the femoral and ischial
nerves, causes loss of motor control of the ipsilateral pelvic limb.
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Fig. 22.19. Needle placement for paravertebral nerve blockades: A
cranial view of a transection of the first lumbar vertebra at the loca-
tion of the intervertebral foramen: (A) subcutaneous infiltration and (B)
retroperitoneal infusion (a, dorsal branch, and b, ventral branch, of
the L1 vertebral nerve). Inset: Desensitized subcutaneous area after
blockade of T18, L1, and L2 vertebral nerves.



Segmental Dorsolumbar Epidural Anesthesia
This technique is not routinely used in horses because it is diffi-
cult to perform, requires a special catheter-stylet unit to catheter-
ize the T18-L1 epidural space from the lumbosacral epidural
space (Fig. 22.21),62 and is associated with the risk of the
catheter either kinking or curling within the epidural space.
Catheter curling and injection of local anesthetic near spinal
nerve roots contributing to femoral and ischial nerve outflow
could result in motor nerve deficits in rear-limb function.

Segmental Thoracolumbar Subarachnoid
Anesthesia
This is easier to master than segmental dorsolumbar epidural
anesthesia. It produces the fastest and best-controlled surgical
anesthesia of the flank in horses; however, special equipment and
maintenance of aseptic technique are required.63 A 17.5-cm, 17-
gauge Huber-point Tuohy needle with stylet and with the bevel
directed cranially is inserted into the subarachnoid space at the
lumbosacral (L6-S1) intervertebral space (Fig. 22.22). This inter-
space is located 1 to 2 cm caudal of a line drawn between the cra-
nial edge of each tuber sacral and the dorsal midline. Rectal pal-
pation of the ventral lumbosacral eminence may be used to locate
the L6-S1 intervertebral space.63 The skin and lumbosacral fas-
cia adjacent to the interspinous (L6-S1) ligaments are injected
with 5 mL of 2% lidocaine HCl solution to help minimize pain
during the puncture procedure. To prevent loss of motor control
of the pelvic limbs, care must be taken not to inject the entire vol-
ume (5 mL) of local anesthetic into the subarachnoid space. The
needle is advanced along the median plane perpendicularly to the
spinal cord until entering the subarachnoid space. The stylet is
removed, and 2 to 3 mL of cerebrospinal fluid (CSF) is aspirated.
A Formocath polyethylene catheter (Becton-Dickinson, Ruther-
ford, NJ), 100 cm long with a 0.095-cm outside diameter, rein-
forced with a stainless-steel spring guide (0.052-cm outside di-

ameter), is passed through the needle and advanced approxi-
mately 60 cm to the midthoracic area. First the needle is with-
drawn over the catheter, and then the spring guide is removed and
the catheter is withdrawn a calculated distance to place its tip at
T18-L1. Precise catheter positioning requires radiography for
confirmation. A 23-gauge needle on a three-way stopcock is at-
tached to the catheter, and 1.0 to 2.0 mL of CSF is removed. A
small dose (1.5 to 2.0 mL) of a 2% mepivacaine HCl solution is
injected through the catheter at a rate of approximately 0.5
mL/min. The previously collected CSF is used to remove the re-
maining local anesthetic from the catheter. Bilateral segmental
anesthesia, extending from spinal cord segment T14 to segment
L3, is maximal 5 to 10 min after injection and lasts 30 to 60 min.
Surgical anesthesia is easily maintained by fractional bolus ad-
ministration of 0.5 mL of the anesthetic at 30-min intervals or as
needed (Fig. 22.23). The duration of anesthesia is determined by
the decline of the subarachnoid mepivacaine concentration
owing to absorption of drug into the systemic circulation and not
due to hydrolysis of the drug within the CSF.64

Investigators have threaded a subarachnoid catheter to the tho-
racolumbar area in standing horses to use ketamine (12 to 15
mg/100 kg body weight [BW]) to produce segmental spinal block
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Fig. 22.20. Right thoracolumbar area of a standing adult horse with
injection sites (arrows) for distal paravertebral block (R18, last rib; L1
and L2, spinous processes of first and second lumbar vertebrae). The
dotted line transects the corresponding interspaces between spinous
and transverse processes. Subcutaneous injection of L2 is shown.
From Skarda.3

Fig. 22.21. Lateral view of sagittal section of the sixth lumbar (L6)
and first sacral (S1) vertebrae. A 17.5-cm, 17-gauge Huber-point
Tuohy needle (TN) is in place for catheterization of the lumbar epidural
space. The arrow indicates the interarcuate ligament (IAL).



between the T17 and L3 spinal nerves.65 The analgesic effect of
ketamine appeared after 5 to 10 min and lasted between 35 and 65
min. Horses did not react to surgical intervention on the abdomi-
nal wall and viscera, and significant changes in heart and respira-
tory rates, rectal temperature, and intestinal motility of horses
were not observed after subarachnoid ketamine injection.65

There has been one report of lumbosacral subarachnoid cathe-
terization in healthy horses that resulted in an acute inflamma-
tory reaction after 12 h of catheterization, although there was no
bacterial contamination.66 The horses did not show any clinical

signs of neurological dysfunction, such as ataxia, proprioception
deficits, or changes in locomotor activity, and rectal temperature
remained unchanged even though an inflammatory reaction in
CSF occurred.

The advantages of thoracolumbar subarachnoid anesthesia as
compared with dorsolumbar epidural anesthesia include simplic-
ity of needle and catheter placements, minimal dosage, deposi-
tion of the anesthetic at nerve roots, rapid onset of anesthesia,
and minimal physiological disturbance. The disadvantages in-
clude potential for traumatizing the conus medullaris, kinking
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Fig. 22.22. Needle and catheter placement for
thoracolumbar subarachnoid anesthesia. Cranial
and left lateral aspects of the equine thoracolum-
bar and sacral vertebrae and their associated in-
traspinal structures with the tip of Huber point
(Tuohy) needle, catheter, and steel spring guide in
the subarachnoid space. CSF, cerebrospinal
fluid. From Skarda and Muir.63

Fig. 22.23. Ovariectomy via left flank
under segmental subarachnoid anesthesia
(2 mL of 2% carbocaine hydrochloride).
Inset: Granulosa cell tumor, 12.5-cm di-
ameter. The arrow indicates the subarach-
noid catheter.



and curling of the catheter in the subarachnoid space if the
guidewire is recessed from the catheter tip, loss of motor control
of the pelvic limbs and/or injecting the proper dose in a mis-
placed catheter, and meningitis after septic technique.

Caudal Anesthesia
Caudal epidural anesthesia, continuous caudal epidural anesthe-
sia, and caudal subarachnoid anesthesia are possible techniques
to produce regional anesthesia of the anus, perineum, rectum,
vulva, vagina, urethra, and bladder in horses. Success in produc-
ing regional anesthesia of pelvic viscera and genitalia without
losing locomotor function of the hind legs depends on cranial
flow of local anesthetic to desensitize the caudal and the last
three pairs of sacral nerves in the epidural space as they emerge
either from the meninges (epidural technique) or the spinal cord
(subarachnoid technique). In horses, the spinal cord and its
meninges end in the midsacral region, and only the coccygeal
nerves and the thin phylum terminale remain in the spinal
canal.67 The coccygeal nerves are not easily damaged at the site
of needle penetration to produce caudal epidural blockade.
Caudal subarachnoid blockade, however, requires the insertion of
a spinal needle into the subarachnoid space at the lumbosacral in-
tervertebral space and the passage of a catheter to the midsacral
region; thus, the potential for trauma to the conus medullaris and
nerve fibers by the needle or catheter exists. The neuroanatomy
and effects of sensory, motor, and autonomic nerve blockade of
various spinal cord segments are summarized in Table 22.1.68,69

Caudal Epidural Anesthesia
This is routinely used in horses because it is simple and inexpen-
sive and requires no sophisticated equipment. The technique’s use
in horses was first described in 1925;70 subsequently, many have
reported its use for relieving pain and control of rectal tenesmus as-
sociated with irritation of the perineum, anus, rectum, and vagina
during difficult labor; correction of uterine torsion, fetotomy, and
various obstetric manipulations and surgical procedures such as
amputation of the tail, rectovaginal fistula repairs, Caslick’s clo-
sure (operation for pneumovagina), prolapsed rectum, urethros-
tomy; or anal, perineal, vulvar, and bladder procedures.7,71–86

The injection site is the epidural space between the first and
second coccygeal vertebrae. The first coccygeal interspace (Co1-
Co2) is identified as the first obvious midline depression caudal
to the sacrum. It can generally be felt with the finger as the first
movable coccygeal articulation when the tail is raised and low-
ered. The sacrococcygeal joint in many horses is fused and gen-
erally intersects with the midline and a line drawn over the back
joining the two coxofemoral joints. The Co1-Co2 interspace may
be more difficult to palpate in obese or well-developed horses,
but generally lies at the most angular portion of the bend of the
tail, approximately 5 cm cranial to the origin of the first tail hairs
and the caudal fold of the tail. Correct needle placement requires
the horse to be properly restrained and stand squarely with the
croup symmetrical. In the standard technique, a 5- to 7.5-cm, 18-
gauge spinal needle with fitted stylet is inserted through the dis-
infected skin in the center of the Co1-Co2 joint space while the

needle is directed at almost right angles to the general contour of
the croup or ventrocranially at an angle of approximately 10° to
vertical. The needle is inserted in a median plane until it contacts
the floor of the vertebral canal and is then withdrawn for approx-
imately 0.5 cm to avoid injection into the intervertebral disk or
ligamentous floor of the canal (E in Fig. 22.24). Painful reaction
to the epidural needle is minimized if a 2.5-cm, 25-gauge needle
is used to inject 2 to 3 mL of a 2% lidocaine HCl solution subcu-
taneously and adjacent to the interspinous and interarcuate liga-
ments. A popping sensation is often detected as the interarcuate
ligament is penetrated. A hissing sound at the needle hub may
often be heard upon penetration of the epidural space as air is
drawn into the needle. Proper needle placement may be verified
by applying 1 or 2 drops of local anesthetic to the needle and ob-
serving the drop(s) to be drawn into the epidural space by the
negative pressure (hanging-drop technique) or confirmation can
be made by resistance-free injection of 3 to 5 mL of air or local
anesthetic solution (test dose), with no blood upon aspiration.

In the alternative technique, the spinal needle is inserted at the
caudal part of the first intercoccygeal depression and directed
cranioventrally at almost 30° to the horizontal plane until its
point glides along the floor of the neural canal (F in Fig. 22.24).
The spinal needle can be inserted to its full length (5 to 7.5 cm).
Depth from skin surface to the neural canal varies between 3 to
7.5 cm, depending on the size and condition of the horse. The al-
ternative technique is useful in horses that have fibrous connec-
tive tissue from previous epidural injections, which limits the dif-
fusion of local anesthetic agents. However, unilateral analgesia is
more likely to occur if the spinal needle has been inserted a con-
siderable distance into the vertebral canal, allowing the needle tip
to deviate from the midline, and if a small amount of local anes-
thetic has been given, to bathe the nerve roots primarily on one
side of the spinal column.7,87,88

Epidural Local Anesthetics
Local anesthetics can provide profound relief from pain by in-
hibiting depolarization of the nerve membrane and conduction of
nerve impulses. The amount of anesthetic injected is determined
by considering the type of local anesthetic, the size and confor-
mation of the horse, the depth of needle insertion into the verte-
bral canal (the actual distance of the needle bevel to the spinal
cord), and the extent of regional anesthesia required (Fig. 22.25).

Lidocaine This has been shown to be most effective as an epi-
dural analgesic. A mature mare (450 kg) may require a total of 6
to 8 mL of a 2% lidocaine HCl solution (0.26 to 0.35 mg/kg) to
anesthetize the anus, perineum, rectum, vulva, vagina, urethra,
and bladder. The order and magnitude of neural blockade are
dose dependent but generally profound, and selective sensory
blockade of nociceptive and motor fibers in dermatomes ranging
from coccygeal to the second sacral vertebra is produced within
5 to 15 min and lasts 60 to 90 min. Additional local anesthetic
should not be administered during this period, so as to prevent
overdosing, which can result in marked ataxia and potentially re-
cumbency, hypotension, and occasionally bradycardia from sym-
pathetic blockade.62,89–91
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Mepivacaine Mepivacaine HCl solution (2%) acts very simi-
larly to lidocaine in producing caudal regional anesthesia in
horses. Epidural injection of 60 to 100 mg of 2% mepivacaine
HCl in aqueous solution (3 to 5 mL) at the caudal sacral (S5-C1
to S3) vertebrae (via catheter) can produce either unilateral or bi-
lateral analgesia extending from spinal cord segment S1 to the
coccyx in adult mares. Analgesia usually becomes evident in 20
min and lasts approximately 80 min.62,92

Ropivacaine This is the newest commercially available drug
for use as a local and regional anesthetic. Its effect (0.5%, 8
mL/500 kg) has been evaluated when injected epidurally at the
sacrococcygeal vertebral interspace in adult mares.87,88 Lack of
sensory perception to electrical stimulation (>40 mA) and ab-
sence of response to deep needle pricks extending from coccyx
to S2 dermatomes indicated the presence of regional anesthesia.
Epidurally administered ropivacaine induced variable analgesia
extending bilaterally from the coccyx to S2 (three mares), coccyx
to S3 (four mares), and coccyx to S4 (three mares), with minimal

sedation, ataxia, and cardiovascular and respiratory disturbances.
Analgesia at the perineal area lasts 2 to 4 h.88

The efficacy of caudal (Co1-Co2) epidural administration of
either 1% ropivacaine, 2% lidocaine, or a combination of 1%
ropivacaine and 2% lidocaine for producing perineal anesthesia
in mares has also been evaluated.91 Local anesthetics were com-
bined with adrenaline (1:200,000) and administered at a volume
of 0.018 mL/kg. Perineal analgesia lasted 3 to 4.5 h. Three of the
mares became recumbent: two that received lidocaine and one
that received the combination of ropivacaine and lidocaine. It
was concluded that the high incidence of ataxia and recumbency
was probably attributable to the higher concentration (1% vs.
0.5%) of ropivacaine and admixture of adrenaline with these two
local anesthetics.91

Bupivacaine The caudal epidural administration of hyperbaric
bupivacaine (0.5%, 0.06 mg/kg BW) produces not only very
rapid (<6 min) but prolonged (>5 h) bilateral perineal analgesia
effects in adult horses.93 Heart and respiratory rates, arterial
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Fig. 22.24. Lateral (A) and caudal (B) drawings of the lumbosacral, sacral, and sacrococcygeal areas of a standing mare with marked loss of
skin sensation from coccyx to S4 (a), coccyx to S3 (b), and coccyx to S2 (c), respectively, 60 min after epidural administration of ropivacaine
(0.5% solution, 9 mL/500 kg body weight). Placement of spinal needle (E) and Tuohy needle (F) with the catheter for caudal epidural anesthe-
sia. L6, sixth lumbar; S1, first sacral; and Co1, first coccygeal vertebrae. Modified from Skarda and Muir.88
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blood pressure, and rectal temperature did not change after the
epidural administration of bupivacaine.

Other Local Anesthetics Other local anesthetics that have been
used to achieve caudal epidural anesthesia in standing horses
(weighing 500 kg) include 10 to 12 mL of 2% procaine HCl so-
lution, 5 to 7 mL of 5% procaine HCl solution, and 3 to 5 mL of
5% hexylcaine HCl solution. The duration of anesthesia is dose
related and ranges from 45 to 60 min for 2% procaine, 60 to 90
min for 5% procaine, and 90 to 120 min for 5% hexylcaine, re-
spectively.53 All of these local anesthetics provide relatively brief
analgesia (45 to 120 min) and may necessitate readministration
to enable completion of the procedure. If the needle is left in
place and an injection cap is attached, additional amounts of
local anesthetic can be administered to the desired effect.

Epidural �2-Adrenoceptor Agonists
The caudal epidural administration of an �2-adrenoceptor ago-
nist, such as xylazine or detomidine, may be more appropriate for
procedures requiring lengthy periods (>2 h) of analgesia.
Following epidural administration, these agents bind to nonopi-
oid receptors in the substantia gelatinosa layer of the spinal cord
and produce spinal analgesia that can be attenuated by intra-
venous administration of �2-antagonists such as atipamezole (0.1
mg/kg)94–97 or yohimbine (0.05 mg/kg).98,99 Because the equine

spinal cord terminates in the lumbosacral area, agents adminis-
tered into the caudal epidural space must diffuse cranially to bind
with receptors in the spinal cord. In addition, xylazine may have
a direct local anesthetic effect on the cauda equina.100

Xylazine This drug has been injected into the caudal epidural
space of ponies100–102 and horses90,103–108 for a variety of diag-
nostic, obstetric, and surgical procedures performed in the anal
and perineal regions. In the first report of epidural administration
of xylazine in horses, a dose of 0.17 mg of xylazine per kilogram
of BW, diluted to a volume of 10 mL by use of sterile 0.9% NaCl
solution, was used.103 This dosage was considered safe and ef-
fective for producing 21/2 h of perineal analgesia in horses and
infrequently induced ataxia of the pelvic limbs. Subsequent stud-
ies, assessing the analgesic effects of caudal epidural xylazine
(0.25 mg/kg BW expanded to a 6-mL volume with 0.9% NaCl)
injection have supported these initial observations.106,107

Maximal dermatomal analgesic spread ranges from the first coc-
cygeal to S3 spinal cord segments and usually lasts 2 to 3 h.
Blockade of parasympathetic nerves may relax the genitalia and
dilate the rectum.107 Sedation and ataxia are minimal, and circu-
latory and respiratory variables—such as cardiac output, stroke
volume, mean right atrial pressure, mean pulmonary artery pres-
sure, systemic and pulmonary vascular resistance, oxygen con-
sumption, core and rectal temperature, and arterial and mixed ve-
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Fig. 22.25. Desensitized skin area in a standing horse 20 min after epidural injection of 6 mL (a), 8 mL (b), and 10 mL (c), respectively, of 2%
carbocaine via a 15-cm, 18-gauge spinal needle inserted at the third coccygeal interspace to its full length horizontally (SN, spinal needle with
stylet). Dorsocaudal (A) and lateral (B) aspects. From Skarda.3



nous pH and gas tensions (partial pressure of oxygen [PO2], and
partial pressure of carbon dioxide [PCO2])—do not change ap-
preciably.107

Epidural xylazine (0.15 mg/kg) administration reportedly de-
creases the halothane requirement of horses by 35% in the tho-
racic limbs and by 40% in the pelvic limbs, supporting the in-
volvement of �2 receptors in spinal analgesia.101,102 In a second
study, a 1.5 minimum alveolar concentration of halothane alone
and halothane with epidural xylazine (0.15 mg/kg BW diluted in
0.15 mL/kg of saline) administration did not induce a similar
anesthetic response to hind-limb surgery.108 Horses with epidural
xylazine injection required less halothane (end-tidal halothane
concentration, 0.9% vs. 1.4%) and inotropic support to maintain
arterial blood pressure above 60 mm Hg and a higher cardiac
index than did horses anesthetized with halothane alone.

Xylazine and Lidocaine A mixture of lidocaine (0.22 mg/kg,
2% solution) and xylazine (0.17 mg/kg, 2% solution) can be
safely used for long-lasting caudal epidural anesthesia in healthy
adult horses.90 This combination provides longer anesthesia of
the perineum than does either drug given alone (5 h vs. 3 h),
thereby minimizing the need for additional drugs. Pulse and res-
piratory rate are not altered appreciably, though some ataxia may
be present. Usually sedation is not evident after the epidural ad-
ministration of these doses of lidocaine–xylazine HCl. Although
the combined use of lidocaine and xylazine at this dose range ap-
pears to have a wide margin of safety, there has been one report
of a sudden collapse in the hindquarters of a thoroughbred mare
(450 kg) undergoing urogenital surgery 90 min after completion
of the epidural injection.109 As would be expected, overdosing ei-
ther of these agents can depress CNS, respiratory, and cardiovas-
cular activity; can cause postural instability and/or recumbency;
and can induce excitement in conscious horses.

Detomidine Detomidine HCl (1%) at a dose of 60 µg of deto-
midine/kg BW, expanded to a 10-mL volume with sterile water,
injected into the epidural space at the caudal sacral (S5 to S4)
vertebrae (catheter technique) induces selective caudal analgesia
and sedation (Fig. 22.26), mild ataxia, cardiopulmonary depres-
sion, and diuresis similar to the effects of intravenously or intra-
muscularly administered detomidine.110–114 The analgesia in-
duced with this technique can be variable, with bilateral spread
from the coccyx as far cranially as T14 in some horses. Analgesia
is often accompanied by mild ataxia and occasionally by buck-
ling of the pelvic limbs. Horses appear deeply sedated and in a
sleeplike state, evidenced by the lowering of their head and
drooping of the upper eyelids. These signs are observed 5 min
after drug administration and last 3 h. Doses of less than 30 µg of
detomidine/kg BW appear ineffective in producing reliable anal-
gesia, although the sedation produced can be greater than ex-
pected. Higher doses (>80 µg of detomidine HCl/kg) typically
produce marked sedation, cardiopulmonary depression, in-
creased frequency of second-degree atrioventricular heart block,
renal diuresis, and recumbency, and cannot be recommended.112

An initial dose of no more than 20 µg of detomidine HCl/kg BW
should be used in horses that are debilitated.

In general, results indicate that xylazine is perhaps a more de-
sirable �2-adrenoceptor agonist than is detomidine for inducing
caudal epidural analgesia in horses. Xylazine exerts more potent
antinociceptive action at the perineal dermatomes, with minimal
cardiovascular depression, head ptosis, changes in pelvic limb
position, and less renal diuresis.114

Should signs of rear-limb ataxia or motor blockade after caudal
epidural administration of xylazine109 or detomidine115 develop,
a tail-tie support is indicated until full hind-limb control is re-
gained. Use of general anesthesia may be necessary to immobilize
an excited horse completely. If general anesthesia is induced,
anesthesia in horses given detomidine as a caudal epidural injec-
tion should be maintained with a lower concentration of inhalant.
In one case report,115 when a 364-kg, 15-month-old, sexually in-
tact, cryptorchid male quarterhorse was positioned in standing
stocks for castration, the horse unexpectedly collapsed to the
floor, first to sternal and then into lateral recumbency, 15 min after
epidural administration of 50 µg of detomidine HCl/kg at the first
intercoccygeal space and infusion of 60 mL of 2% lidocaine in an
inverted “L” pattern to desensitize the left flank.115 Because the
horse would not rise, general anesthesia was induced with intra-
venous diazepam (35 mg) and ketamine (750 mg). The horse was
orotracheally intubated, and transported to the operating table.
Anesthesia was maintained with halothane in oxygen (5 L/min)
and surgery performed in the horse in dorsal recumbency. An ex-
pected smaller dose of halothane (<1.25%) was required to main-
tain a surgical plane of anesthesia in this horse, which recovered
uneventfully 1 h and 55 min after discontinuation of halothane.115

�2-Agonist–induced adverse side effects can be eliminated by
the intravenous, epidural, or subarachnoid administration of �2-
adrenoceptor antagonists, such as atipamezole (Fig. 22.27), ida-
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Fig. 22.26. Desensitized skin area between T14 and coccyx and se-
dation in a standardbred mare (475 kg) 60 min after administration of
2.9 mL of 1% detomidine hydrochloride solution, diluted to a 10-mL
volume with sterile water, into the epidural space of the first coc-
cygeal intervertebral space. The epidural needle (white arrow) is left
in position. A catheter is placed into the subarachnoid space at the
lumbosacral intervertebral space for collection of cerebrospinal fluid
(CSF). From Skarda and Muir.110
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Fig. 22.27. Recording (10 mm/s) of lead II electrocardiogram (ECG), right atrial pressure (RAP), carotid arterial blood pressure (CAP), cere-
brospinal fluid pressure (CSF), and cardiac output (Q) (thermodilution curve) before (control) (A); 15 min after caudal epidural administration of
60 µg of detomidine hydrochloride solution per kilogram body weight, diluted to a 10-mL volume, using sterile water (B); and 15 min after in-
travenous administration of 120 µg of atipamezole/kg (C).



zoxan, yohimbine, or tolazoline.94–98 The antagonistic effects of
intravenous yohimbine (0.05 mg/kg BW) given after caudal
(Co1-Co2) epidural administration of detomidine HCl solution
(60 µg/kg BW) on antinociceptive, cardiorespiratory, and pos-
tural changes have been documented. Intravenously administered
yohimbine rapidly reduced detomidine-induced perineal analge-
sia, reversed head ptosis, improved pelvic limb position, termi-
nated sweating and diuresis, and antagonized detomidine-
induced decreases in heart rate and cardiac output; but did not
affect detomidine-induced decreases in respiratory rate.98

Medetomidine and Romifidine Medetomidine (15 µg/kg BW,
diluted in 0.9% NaCl solution to 8 mL) injected into the epidural
space at the first intercoccygeal vertebral space does not appear
to produce surgical analgesia in the perineal region of adult
horses.116 Likewise, romifidine (80 µg/kg BW diluted in 0.9%
NaCl solution to 8 mL) injection into the epidural space at the
first intercoccygeal vertebral space has not resulted in a sufficient
analgesic effect, even though signs of sedation (drooping of the
lower lip and leaning the head against the stocks) are evident.117

Based on the results of these studies, medetomidine and romifi-
dine do not appear to be as efficacious as xylazine or detomidine
when placed into the epidural space.

In summary, when choosing an �2-adrenoceptor agonist for
epidural analgesia, either 0.17 mg of xylazine/kg103 or 60 µg of
detomidine/kg112 diluted in 10 mL of 0.9% NaCl solution has
proven efficacious in achieving similar anesthesia of pelvic vis-
cera and genitalia with minimal ataxia. With these doses, maxi-
mum analgesic effect should occur within 10 to 30 min and can
last several hours. It is not advisable to redose during this time.
If the needle is left in place and an injection cap is attached, ad-
ditional amounts of local anesthetic or �2-adrenoceptor agonist
can be administered but should be regulated to keep the horse
standing. In comparison, when relying solely on epidural local
anesthetics, the duration of caudal analgesia is dose related and
usually lasts 60 to 90 min with lidocaine (2%) or procaine (5%),
and 90 to 120 min with either mepivacaine (2%) or hexylcaine
(5%). Caudal epidurally administered local anesthetic solutions,
when injected at recommended dosages, have minimal systemic
side effects.

Epidural Ketamine
Ketamine is thought to produce analgesia primarily by its non-
competitive antagonism of N-methyl-D-aspartate (NMDA). High
concentrations of ketamine may also produce local anesthetic-
like effects by blocking sodium-ion channels.118 The slow (1
min) injection of ketamine (0.5, 1.0, or 2.0 mg/kg BW) into the
epidural space at the midsacral area (via a 17-gauge epidural
catheter) has been reported to be effective in producing analgesia
of the tail, perineum, and upper hind limb in horses.119 Ketamine
can be diluted in 0.9% NaCl solution and the volume adjusted to
a final volume of approximately 10 mL for a 450-kg horse.
Dosages of 0.5, 1.0, and 2.0 mg of ketamine/kg BW provide
analgesia of the tail for 30, 50, and 80 min and in the perineum
and upper hind limb for 30, 35, and 75 min, respectively. A seda-
tive effect is also observed in a dose-response manner, with a

peak effect between 15 and 30 min after ketamine epidural dep-
osition. Heart and respiratory rates, arterial blood pressure, arte-
rial blood gases (PO2 and PCO2), and pH are generally unaf-
fected when these doses of ketamine are used for epidural
deposition.119 Further studies are necessary to evaluate whether
the analgesia produced by epidural ketamine is sufficient for sur-
gery in horses.

The preemptive administration of ketamine (10%, 1.0 mg/kg
BW, diluted with 0.9% NaCl solution to a total volume of 3.4 mL
+ [BW (kg) � 0.013]) into the epidural space at the midsacral ver-
tebrae consistently reduced pain produced by a 10-cm skin inci-
sion in horses.120 Cutaneous sensitivity was measured using von
Frey filaments around the incision immediately after, 15 min
after, and 2, 4, 6, and 8 h after suturing. When using this same
method of assessing cutaneous sensitivity after skin incision, S+
ketamine (1.0 mg/kg BW, diluted with 0.9% NaCl solution to a
total volume of 3.4 mL + [BW (kg) � 0.013]) reduced cutaneous
sensitivity to mechanical stimuli for 75 min.121 From these direct
comparisons of the preemptive analgesic effects of epidurally ad-
ministered S+ ketamine and racemic ketamine, it appears that
both forms produce similar postincisional analgesic effects.120,121

Ketamine and Xylazine
A combination of ketamine (1.0 mg/kg) and xylazine (0.5
mg/kg) have been mixed in a syringe and injected into the
epidural space at the first intercoccygeal (Co1-Co2) vertebral
space in adult horses to produce good analgesia of the tail, per-
ineal region, anus, and vulva. Analgesia is evident in 5 to 9 min
and lasts on average 120 min.122 The region of analgesia extends
to the thigh and flank in some horses. As could be expected, the
ketamine-xylazine combination usually induces mild sedation, as
assessed by drooping of the head and the lower lip 20 min after
injection. Heart and respiratory rates are often reduced after
epidural drug administration.

Other Agents
Epinephrine
At a concentration of 5 µg/mL (1:200,000), epinephrine can be
added to the local anesthetic solution to hasten the onset, prolong
the duration, and improve the quality of epidural anesthesia.
Carbonization of the base preparations of lidocaine increases pH
and favors the anesthetic nonionic state and lipid solubility but
does not demonstrate the theoretical advantage of increased dif-
fusion and drug effect during caudal epidural anesthesia in
horses.89

Alcohol
Alcohol (ethyl alcohol) has been injected into the caudal epidural
space in horses to denervate coccygeal nerves and alter tail func-
tion, although its efficacy and safety for producing neurolysis in
horses have not been reported. Axonal degeneration appears 20
min after injection and lasts several months to 1 year, depending
on the completeness of neurolysis. Alcohol-induced alteration of
tail motor function in horses can be diagnosed by electromyog-
raphy and used as evidence to prosecute owners and exhibitors
who may be inappropriately using this technique in show-ring
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horses.123 Inaccuracy of the technique and injection of excessive
volumes of alcohol into the caudal epidural space produce
painful paresthesias, neuritis, and paralysis of the bladder, rec-
tum, and pelvic limb.

Continuous Caudal Epidural Anesthesia
Continuous caudal epidural anesthesia can be used in horses for
extended surgery in the anal and perineal region, for obstetric
procedures, and for relief of tenesmus.124–128 A 10.2-cm, 18-
gauge thin-walled Tuohy needle with stylet is aseptically inserted
on the midline into the Co1-Co2 interspace. Pain from needle in-
sertion is minimized with a subcutaneous wheal of 2 to 3 mL of
2% lidocaine HCl. Once through the skin, the needle, with the
bevel pointed cranially, is directed at approximately 45° to verti-
cal and advanced until an abrupt reduction in resistance to needle
passage is noted, indicating piercing through the interarcuate lig-
ament and entry into the vertebral canal. The injection of 5 mL
of air or 2 to 3 mL of local anesthetic (test dose) should not en-
counter resistance. Apparently, the injection of 10 mL of sterile
0.9% NaCl solution into the epidural space does not greatly fa-
cilitate the advancement of an epidural catheter and is therefore
not routinely recommended.129 A commercially available 91.8-
cm, 20-gauge Teflon epidural catheter with graduated markings
and stylet or a medical-grade vinyl tubing (0.036-cm outside di-
ameter) can be introduced into the needle and advanced cranially
2 to 4 cm beyond the tip of the needle (A in Fig. 22.28). The nee-
dle can then be removed from the catheter while the catheter is
left in position. A catheter adapter (provided in the kit) or a three-
way stopcock and 2.5-cm, 23-gauge needle is placed on the free
end of the catheter for an injection port. A newer technique,
which greatly facilitates epidural catheter insertion in horses, and
has also been used by the author, involves the use of the Tuohy
needle to which a Y piece with a latex balloon and catheter are
attached (Fig. 22.29A). The needle is inserted until the balloon
collapses under the negative pressure of the epidural space; the
epidural catheter is then introduced into the needle from the other
arm of the Y piece and advanced cranially as required (Fig.
22.29B). If the first of the four mark strips of the Teflon epidural
catheter has reached the needle hub, the catheter has advanced 9
cm beyond the tip of the needle, thereby placing the epidural
catheter tip at the midsacral S3 vertebral level in an adult horse
(450 kg). The needle is then carefully removed while the catheter
is left in position. A catheter adapter with luer lock (provided in
the kit) is placed on the free end of the catheter, and an epidural
filter (provided in the kit) is placed between the syringe and
catheter adapter. All connections should be without leaks. The
epidural catheter is sutured to the skin, and the skin-puncture site
is covered with a sterile gauze, which is also sutured to the skin
(Fig. 22.29C). Approximately 5 mL of anesthetic solution is then
injected into the catheter over a 1-min period. Surgical anesthe-
sia is easily maintained by fractional bolus administration of 3
mL of the anesthetic at 1-h intervals or as needed.

In an alternative, but more difficult, method, a 19.5-cm, 17-
gauge Huber-point Tuohy needle with the bevel directed caudally
is aseptically inserted into the epidural space at the lumbosacral
(L6-S1) intervertebral space.124 A Formocath polyethylene

catheter (0.095-cm outside diameter) reinforced with a stainless-
steel spring guide is introduced into the needle and advanced 10
to 20 cm, to place the catheter tip at the caudal position of the
sacral (S3 to S5) epidural space in an adult horse (450 kg) (B in
Fig. 22.28).

A safe and convenient route for repeated administration of
small fractional doses of the local anesthetic during surgery,
while the tail is dorsally reflected for immobilization and surgi-
cal exposure, is the major advantage of the catheter technique
when compared with the needle technique. In addition, the
catheter tip is placed at the nerve roots of the pudendal and pelvic
nerves, thus minimizing the dose of anesthetic required to pro-
duce caudal anesthesia. Fibrosis of the extradural space from re-
peated standard epidural blocks is avoided. The disadvantages of
the catheter technique include greater cost of equipment, and
complications from kinking and curling of the catheter and oc-
clusion of the tip with fibrin. Optimal timing and amounts of re-
peated anesthetic doses, development of tachyphylaxis (acute
tolerance to repeated injections), and augmented responses to
long-term effects of repeated caudal epidural anesthesia in horses
have not been reported.

Continuous Caudal Subarachnoid Anesthesia
This may be induced by repeated injections of local anesthetic
solution (mepivacaine or ropivacaine) or �2-adrenoceptor ago-
nists (xylazine or detomidine) through a catheter introduced into
the caudal subarachnoid space with a Tuohy needle (Fig. 22.30).
The use of continuous caudal subarachnoid anesthesia in practice
is limited owing to technical difficulty and potential trauma to the
conus medullaris and nerve fibers by the needle or catheter, but
it can be accomplished safely in horses while maintaining pelvic
limb function with certain advantages when compared with
epidural administration: Subarachnoid administration of local
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Fig. 22.28. Lateral radiograph of the sixth lumbar to second coc-
cygeal area. A: A 10.2-cm, 18-gauge thin-walled Tuohy needle in-
serted at the Co1-Co2 interspace to insert a 20-gauge Teflon epidural
catheter into the caudal (S5) sacral epidural space. B: A 19.5-cm, 17-
gauge Huber-point Tuohy needle inserted at the lumbosacral (L6-S1)
intervertebral space to insert a Formocath polyethylene catheter rein-
forced with a steel spring guide into the midsacral (S2-S3) epidural
space.



anesthetics or �2-adrenoceptor agonists requires approximately
threefold less drug for a similar degree of caudal anesthesia, and
the onset of anesthesia is twice as fast and the action lasts half as
long as after epidural injection.124

The roots of the spinal nerves within the subarachnoid space
are not covered by protective dural sheets and are more readily
desensitized, making caudal subarachnoid analgesia the fastest
and best-controlled surgical analgesia in horses. Incomplete or
asymmetrical analgesia because of septa within the epidural
space or inadequate dispersal of the anesthetic because of
epidural fat is avoided.

In most adult horses, a 19.5-cm, 17-gauge Huber-point direc-
tional needle with the bevel directed caudally can be introduced
through disinfected desensitized tissue at the lumbosacral (L6-
S1) intervertebral space. Depth of needle penetration ranges from
11 to 14 cm in adult horses. When the needle point is judged to
have passed through the tough interarcuate ligament (ligament
flavum), by noticing an abrupt reduction in resistance to needle
passage, the stylet is removed and approximately 1 mL of 2%
carbocaine HCl solution or its equivalent is injected. The syringe

is filled with 2 mL of air and attached to the needle, which is then
advanced continuously until a second sudden loss of resistance to
air injection is noted, indicating that the dura has been pene-
trated. The subarachnoid space is then identified by free flow of
CSF from the needle hub or aspiration of CSF. With full aseptic
precaution, a 30-cm Formocath polyethylene catheter (0.062-cm
outside diameter), reinforced with a stainless-steel spring guide,
is passed and advanced approximately 25 cm to the midsacral re-
gion. The catheter tip cannot be advanced beyond this point,
which is usually the end of the subarachnoid space (Fig. 22.30).

When using this technique, not more than 1.5 to 2.0 mL of 2%
mepivacaine HCl is injected over a 3-min period (0.5 mL/min) to
produce excellent bilateral caudal anesthesia from spinal cord seg-
ment S2 to coccyx within 5 to 10 min. Surgical anesthesia lasts ap-
proximately 0.5 to 1.5 h and is easily maintained by fractional
bolus administration of 0.5 mL of the anesthetic at 30-min inter-
vals or as needed.124 A similar pattern of local anesthetic spread
(faster absorption of drug from the epidural space and similar max-
imum venous plasma concentrations after epidural and subarach-
noid injections) has been reported after midsacral epidural (S2-3 to
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Fig. 22.29. A: A 10.2-cm, 18-gauge thin-wall Tuohy needle is in-
serted at the Co1-Co2 interspace. The needle is attached to a Y piece
containing a latex balloon. The tip of a 91.8-cm, 20-gauge Teflon
epidural catheter is inserted into the other free end of the Y piece. B:
The Tuohy needle is inserted until the latex balloon collapses under
the negative pressure of the epidural space (as indicated by the two
arrows). The catheter is then advanced rostrally for a desired dis-
tance. C: The epidural catheter is sutured to the skin, and the skin-
puncture site covered with a sterile gauze pad, which also is sutured
to the skin.



S5-Co1) and subarachnoid (S2-3) administration of mepivacaine
HCl in aqueous solution (2%).92 The venous plasma concentra-
tions of mepivacaine determined during caudal epidural and sub-
arachnoid analgesia did not produce measurable direct effects on
heart rate, arterial blood pressure, arterial pH, and hematocrit.92

The analgesic, hemodynamic, respiratory, and behavioral al-
terations of horses after midsacral (S-2 to S-3) subarachnoid ad-
ministration of ropivacaine (0.2%, 5 mL) HCl solution have been
assessed.130 Numerical scores of sedation, change in pelvic limb
position, sweating in analgesic zones, urination, behavior, re-
sponse to noise, and compliance with restraint were determined
before and during a 5-h testing period (Fig. 22.30). Subarach-
noidally administered ropivacaine induced variable analgesia ex-
tending bilaterally from coccyx to S1, with minimal sedation and
change in pelvic limb position in standing mares. Perineal anal-
gesia was attained in 7 min and lasted for over 3 h. Subarachnoid
ropivacaine significantly reduced respiratory rates, but did not
change heart rates, rectal temperature, arterial blood pressure,

packed cell volume, arterial gas tensions (PO2 and PCO2), pH,
standard bicarbonate, and base excess from baseline values.
These results demonstrate that ropivacaine (0.2% solution, 5
mL/500 kg BW) can be administered subarachnoidally at the
midsacram (S2 to S3) to produce prolonged (>3 h) bilateral per-
ineal analgesia with minimal changes in behavior and cardiopul-
monary function in adult horses.

Similar to local anesthetic administration, detomidine HCl
(1% solution), when administered at a dose of 30 µg/kg into the
midsacral subarachnoid space, induces analgesia that extends
from dermatome T15 to the coccyx within 10 to 15 min after in-
jection (Fig. 22.31). Analgesia persists for over 2 h, with minimal
ataxia, cardiopulmonary depression, and marked sedation in
standing horses.112 Yohimbine (50 µg/kg BW IV) or atipamezole
(40 µg/kg BW IV) can be used to effectively reverse subarach-
noidally administered detomidine-induced sedation with partial
antagonism of detomidine-induced analgesia, ataxia, and car-
diopulmonary depression (Fig. 22.32).95–98
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Fig. 22.30. Lateral (A) and caudal (B) drawings of the lumbosacral, sacral, and sacrococcygeal area of a standing mare with marked loss of
skin sensation from coccyx to S4 (a), coccyx to S2 (b), and coccyx to S1, respectively, 30 min after midsacral subarachnoid administration of
ropivacaine hydrochloride (0.2% solution, 5 mL/500 kg body weight). C (inset): A cranial–left lateral aspect of a transection of the first sacral
vertebra at the location of the intervertebral foramen and its associated intraspinal structures with the tip of Huber-point (Tuohy) needle, catheter,
and steel spring guide in the subarachnoid space. From Skarda and Muir.110



There is likely to be further interest in the advantages obtained
by the intrathecal use of combinations of local anesthetics with
adrenoceptor agonists or opioids. An important component of
analgesia produced by opiates and �2-adrenoceptor agonists may
be due to the inhibition of the release of neurotransmitters in the
dorsal spinal cord from primary afferent terminals, thus preventing
further propagation of nociceptive signals. Only preservative-free
solutions should be administered into the subarachnoid space.
Precise dosage (milligrams, milliliters, and specific gravity),
catheter positioning, and aseptic technique are necessary to avoid
serious complications such as meningitis, sciatic nerve dysfunc-
tion, rear-limb ataxia or motor blockade, recumbency, and car-
diopulmonary depression or excitement in conscious horses.131–133

Epidural Opioid Analgesia
Numerous studies evaluating the epidural administration of opi-
oids—including morphine, butorphanol, methadone, meperidine,
tramadol, alfentanil, and U50488H—have been published in the
veterinary literature in recent years.134–144 Opioids can provide
variable long-lasting analgesia when used alone or in combina-
tion with local anesthetics, �2-adrenoceptor agonists, and/or ket-
amine. They have been used for both acute and chronic pain and
have proven effective when administered preemptively, intraop-
eratively, or postoperatively.

Epidural Opioids
Morphine
Caudal epidural morphine administration has been considered a
reasonable alternative for the relief of pain that does not respond
to standard medication protocols.134 In one of the earliest reports,

pain originating from an open luxation of the fetlock joint and
comminuted fracture of the first phalanx in a 10-month-pregnant
thoroughbred mare was relieved approximately 30 min after in-
jection of 50 mg of morphine, diluted in 30 mL of 0.9% NaCl so-
lution, into the epidural space at the sacrococcygeal interspace. It
was judged that analgesia lasted 8 to 16 h, based on the mare’s
normal behavior (i.e., prolonged period of standing, no sweating,
a normal appetite, and a normal heart rate). Analgesia was con-
tinued for 3 days by injecting additional morphine (0.2 mg/kg)
into an epidural catheter (91.4 cm, 20 gauge) placed into the
sacral epidural space by using an 8-cm, 16-gauge Tuohy nee-
dle.134 In a second study, 50 to 100 µg of morphine/kg BW in 10
mL of 0.9% NaCl solution, injected into the epidural space at the
first coccygeal interspace (Co1-Co2), produced analgesia lasting
17 to 19 h. Indirect arterial blood pressure, heart rate, respiratory
rate, and rectal temperature did not change. Although the occur-
rence of pruritus (evident perineal wheals) in horses may be low,
the author has observed this adverse side effect after the epidural
use of morphine in horses (Fig. 22.33). Reportedly, epidural mor-
phine (0.05 to 0.1 mg/kg BW) can produce segmental analgesia
that preferentially affects the dorsal nerve branches of the lum-
bosacral plexus.136 With higher doses (e.g., 100 µg/kg), epidural
morphine may be accompanied by sedation and head drooping,
while producing a more rapid onset, cranial spread, and longer
duration. These effects are not typically observed with lower
dose (e.g., 50 µg/kg) administration.135

Morphine (0.1 mg/kg BW) diluted in a volume of 20 mL of
sterile water and administered into the epidural space at the first
coccygeal (Co1-Co2) intervertebral space induces variable seg-
mental analgesia extending from the coccyx to the thoracic der-
matomes.137–139 Analgesic action is greatest at the dermatomes
closest to the epidural injection site. Analgesia (avoidance re-
sponse, >40 V) in the perineal and sacral areas lasted for 5 h after
the morphine injection. Head ptosis was observed within the first
hour after administration of morphine, but no morphine-related
changes in motor activity or behavior were observed.140

Butorphanol
This drug is often described as a � opioid partial agonist and µ-
antagonist and has been widely used as a systemic analgesic in
many species, including horses. When butorphanol (0.08 mg/kg
BW, in a total volume of 20 mL of sterile water) is injected into
the first intercoccygeal epidural space in horses, no changes are
observed in avoidance thresholds to noxious electrical stimula-
tion of the dermatomes of the perineal, sacral, lumbar, and tho-
racic regions.137–139 Changes are not evident in heart and respi-
ratory rates, arterial blood pressure, rectal temperature, and
motor activity. Further evidence of the minimal direct epidural
analgesic effect of this opioid in horses includes its lack of effect,
following caudal (Co1-Co2) epidural administration (0.05 mg/kg
BW), on the minimum alveolar concentration (MAC) require-
ment of halothane.143

Methadone
This is a synthetic diphenylpropylamine opioid. A racemic mix-
ture of levorotatory (L) and dextrorotatory (D) methadone is
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Fig. 22.31. Desensitized skin area between T16 and coccyx in a
horse (460 kg) at 30 min after administration of 1.4 mL of 1% detomi-
dine hydrochloride solution into the subarachnoid space of the mid-
sacral (S2-S3) intervertebral space. The subarachnoid catheter (white
arrow) is butterfly taped and sutured to the skin at the lumbosacral
junction. Sedation was reversed 5 min after intravenous administra-
tion of 40 µg of atipamezole/kg.
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Fig. 22.32. Recording (10 mm/s) of lead II electrocardiogram (ECG), pulmonary artery pressure (PAP), carotid arterial blood pressure (CAP),
and cardiac output (Q) (thermodilution curve) before (control) (A), at 10 min after sacral (S1-S2) subarachnoid administration of 30 µg of deto-
midine hydrochloride solution/kg (B), and at 10 min after intravenous administration of 50 µg of yohimbine/kg (C).



available in Europe for clinical use as an aqueous preservative-
free solution (Heptadon, 10-mg ampullae; Ebewe Arzneimittel
[BASF Pharma], Unterach, Austria). Olbrich and Mosing144 have
compared the effects of caudal epidural administration of
methadone (0.1 mg/kg BW) and lidocaine (0.35 mg/kg BW),
each diluted with sterile 0.9% NaCl solution to a total volume of
20 mL, on tolerance to thermal stimulation (62°C) of perineal,
sacral, lumbar, and thoracic dermatomes. With both drugs, anal-
gesia progressed from the coccyx to cranial in a time-related
manner. Perineal analgesia was evident within 15 min of com-
pleting methadone or lidocaine injection. Analgesia of the flank
region and 13th rib was observed 2 h after the methadone admin-
istration, and lasted for 2 and 3 h at the rib and flank, respec-
tively. Perineal analgesia lasted 5 h after methadone injection,
compared with 3 h following lidocaine. Analgesia was not pro-
duced at the lateral aspect of the crus and the coronary band of
the pelvic limbs after methadone or lidocaine administration.
Methadone-treated horses defecated and urinated normally, and

demonstrated no excitement, sedation, or ataxia. In contrast,
epidural lidocaine caused moderate to severe hind-limb ataxia.
Sweating occurred at the injection site and on the medial aspect
of the hind limbs as early as 5 min after lidocaine injection in
some horses.

Meperidine
This is a synthetic phenylpiperidine-derivative opioid and exerts
the strongest local anesthetic effect among the clinically used
opioids. Epidural injection of meperidine (Demerol 5%; Abbott
Laboratories, North Chicago, IL) may be useful for inducing
caudal epidural analgesia in standing conscious horses undergo-
ing prolonged diagnostic, obstetric, or surgical procedures in the
anal and perineal region. Meperidine (5%, 0.8 mg/kg BW) ad-
ministered via epidural injection at vertebral levels extending
from the sacrococcygeal intervertebral space to the fifth sacral
vertebra induces bilateral analgesia extending from the coccygeal
to first sacral dermatomes. The degree of sedation and ataxia in-
duced is minimal (Fig. 22.34).145,146 The mean onset of perineal
analgesia in response to noxious electrical (<80 mA), thermal
(<48°C), and skin-prick stimulation was 12 min after meperidine
administration, with the analgesia lasting from 240 to over 300
min.146 These results are supported by a second study, in which
meperidine (5%, 0.6 mg/kg BW), administered epidurally be-
tween the first and second coccygeal vertebrae, induced bilateral
perineal analgesia in less than 10 min. The analgesic effect
lasted, on average, 4 h, with minimal cardiovascular effects, se-
dation, and motor blockade.93

Tramadol
This drug is a centrally acting synthetic analgesic drug with both
an opioid and nonopioid mechanism of action. Tramadol (Silador
or Sanofi; Tramadol Caraco Pharmaceutical Laboratories,
Detroit, MI) is available as an injectable formulation for clinical
use as an analgesic that does not cause the typical opioid side ef-
fects of respiratory depression, constipation, and sedation.147

When administered epidurally in humans, tramadol is one-
thirtieth as potent as morphine.148 Tramadol (1.0 mg/kg BW) has
been diluted in a total volume of 20 mL of sterile water and in-
jected epidurally at the first intercoccygeal epidural space in
adult horses. Analgesia (avoidance threshold, >40 V) is produced
in the perineal and sacral areas within 30 min and provides anal-
gesia for up to 4 h.137–139 In comparison, complete perineal and
sacral analgesia is present for 6 h after epidural injection of mor-
phine (0.1 mg/kg BW) in an equal volume of sterile water (20
mL). Epidural morphine analgesia will typically last up to 5 h, in-
dicating that at these doses epidural tramadol induces analgesia
of faster onset but shorter duration than does epidural mor-
phine.139

Alfentanil
Alfentanil (Alfenta; Janssen Pharmaceutical, Piscataway, NJ) is
considered to be a highly lipid soluble and potent µ opioid anal-
gesic. When injected into the caudal (Co1-Co2) epidural space of
horses at a dosage of 0.02 mg/kg BW diluted to 20 mL of sterile
water, alfentanil produced rapid (20 min), but minimal, perineal
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Fig. 22.33. Standardbred mare (470 kg) with multiple wheals over a
body area extending from the coccyx to midthoracic region 20 min
after caudal (Co1-Co2) epidural administration of morphine sulfate
(0.15 mg/kg body weight) in 15 mL of 0.9% sodium chloride solution.
Urticaria spontaneously cleared up 18 h later.



and sacral analgesia without signs of CNS excitation.137–139 The
perineal and sacral analgesic effects induced by epidural alfen-
tanil were considered minimal by the investigators.

Epidural Drug Combinations
Morphine and Detomidine
The combination of morphine (0.2 mg/kg) and detomidine (30
µg/kg) injected via a catheter inserted into the epidural space at the
first intercoccygeal space and advanced to the lumbosacral region
produces significant analgesia in experimentally induced hind-
limb lameness (noticeable both at walk and at trot).149,150 Results
indicate that the epidural combination of morphine and detomidine
can provide profound analgesia for equine hind-limb pain. The
preoperative caudal epidural administration of morphine (0.2
mg/kg) and detomidine (30 µg/kg) has also been effective in de-
creasing lameness after painful bilateral stifle arthroscopy.151 The
systemic and local effects associated with long-term epidural
catheterization and repeated morphine (0.2 mg/kg) and detomidine
(0.03 mg/kg) administration (every 12 h) for 14 days revealed no
difference in CSF values or spinal tissue inflammation or fibrosis
in the control versus treatment horses.152,153 Gross and histologi-
cal examination of spinal tissue segments from the cervicotho-
racic, thoracolumbar, lumbosacral, and sacral spinal cord, and the
catheter entry point itself, did not reveal evidence of adverse sys-
temic effects of long-term epidural morphine-detomidine adminis-
tration. However, a degree of lumbosacral and sacral spinal tissue
inflammation and fibrosis was evident in catheterized horses, indi-
cating that localized inflammation and fibrosis were likely catheter
related and not drug related.153

Butorphanol and Lidocaine
Butorphanol (0.04 mg/kg) has been added to lidocaine (0.25
mg/kg) for injection into the caudal epidural space of adult
mares.142 When compared with the effects of epidural lidocaine
(0.25 mg/kg BW) alone, the addition of butorphanol in non-
sedated horses prolonged both cutaneous (fivefold longer) and
visceral (eightfold longer) analgesia. A cranial extension of the
cutaneous analgesia was also observed. However, horses demon-
strated an unusual way of walking (high steps with pointed hoof)
in their hind limbs (hyperkinesias), even though ataxia and weak-
ness were not evident.154

Morphine and Romifidine
The analgesic, hemodynamic, and behavioral effects of caudal
epidurally administered romifidine (30 or 60 µg/kg BW) com-
bined with morphine (0.1 mg/kg BW) have also been evaluated
in adult horses.155 The analgesic effect induced was judged to be
moderate. The duration of analgesia was dose dependent, with
the 30-µg/kg dose providing 60 min of analgesia and the 60-
µg/kg dose providing 90 min of analgesia when combined with
0.1 mg/kg of morphine. Intense sedation and moderate ataxia of
the hind limbs were observed during the 4-h observation period.
Heart and respiratory rates were decreased.155

Tiletamine and Zolazepam
Tiletamine is a phencyclidine derivative similar to ketamine, al-
though more potent. Zolazepam is a benzodiazepine derivative li-
censed for use exclusively in combination with tiletamine in an-
imals. The proprietary tiletamine-zolazepam combination (100
mg/mL [Telazol; Fort Dodge Laboratories, Fort Dodge, IA]) has
been injected into the epidural space of horses at a dose of 0.5
and 1.0 mg/kg BW, diluted up to 5 mL in sterile water. Only a
mild analgesic effect in response to threshold-to-pressure stimu-
lation of the perineal area was observed.156–158 Sedation was not
observed and, although all horses remained standing, they were
ataxic, demonstrating poor coordination of the hind limbs and
fetlock flexion when they were walked out of the stocks. Muscle
fasciculation and vigorous head-and-neck movements and di-
lated nares were observed in one mare 15 min after injecting the
1.0-mg dose of tiletamine-zolazepam/kg epidurally.

Tramadol and Fentanyl
A single caudal (Co1-Co2) epidural injection of a mixture of tra-
madol (1 mg/kg BW) and fentanyl (5 µg/kg BW) in 20 mL of
sterile water reportedly induced analgesia in the perineal and
sacral structures within 60 min of injection. Analgesia persisted
for 12 to 18 h, with mild sedation and ataxia present in some
horses.159

Although the pharmacological, pharmacokinetic, and clinical
effects of epidurally coadministered local anesthetics, opioids,
�2-adrenoceptor agonists, and ketamine have not been fully char-
acterized in horses, these drugs are increasingly being used by
this route in an attempt to better manage equine pain. Further
studies are necessary to determine the effectiveness of combining
these drugs in the treatment of various soft tissue (e.g., perineal
injury, lacerations, and septic arthritis) and orthopedic pain syn-
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Fig. 22.34. Photograph of a healthy thoroughbred mare (615 kg)
with marked area of loss of skin sensation between S1 and coccyx on
the right side and sedation at 30 min after injection via needle of
meperidine hydrochloride solution (5%; 0.8 mg/kg body weight) into
the epidural space at the fifth sacral vertebra. The epidural needle
with syringe attached is still in place. The ME indicates the epidural
injection of meperidine.



dromes (e.g., fracture repair). When drug mixtures are used, the
severity of pain should be assessed daily and the response to
treatment recorded in the medical record.128

Anesthesia for Castration
One of the most commonly performed surgical procedures in
general equine practice is castration. Regional anesthesia can be
accomplished by injecting local anesthetic drug into the scrotum,
testicle,160,161 and spermatic cord.162,163 Standing castrations are
generally restricted to tractable yearlings and 2-year-olds. Proper
restraint of the horse’s head and sedation (e.g., tranquilizer-
narcotic or sedative-narcotic combination) are required. The
horse may be placed with its side against a wall and a twitch ap-
plied to its upper lip. The person holding the twitch should stand
on the same side as the operator. The skin of the scrotum and pre-
puce is surgically prepared, and one of three techniques is used.
In one technique, a 7.5-cm, 20-gauge needle is quickly inserted
perpendicularly through the tensed skin of the scrotum, and 20 to
30 mL of local anesthetic is injected into the center of each tes-
ticle (Fig. 22.35). The local anesthetic should make the testicle
firm and reach the inguinal canal within 90 s via lymph vessels
for the blockade to begin.160 Castration can usually be performed
painlessly 10 min after the injection with no further use of the
twitch. In a second method, percutaneous anesthesia of the sper-
matic cord is accomplished by inserting a 2.5-cm, 20-gauge nee-
dle into the cord as close to the external inguinal ring as possible,
where 20 to 30 mL of local anesthetic is injected in a fan-shaped
manner without perforating the skin, spermatic artery, and vein.
The proposed incision line of the scrotal skin must also be infil-
trated subcutaneously with 5 to 10 mL of the anesthetic because
the scrotal skin is not desensitized by the deposition of anesthetic
into the dartos or the substance of the testicle itself. The proce-

dures are repeated to desensitize the opposite spermatic cord and
scrotum. Infiltration of the spermatic cord is less effective than
intratesticular infiltration for producing local anesthesia for cas-
tration. In a third method, a 15-cm, 18-gauge needle is inserted
into the testicle and directed into the spermatic cord while 30 mL
of the anesthetic is being injected. The incision sites of the scro-
tal skin are also infiltrated. Since the testes are to be removed,
damage to them is unimportant. More refractory horses are cas-
trated under general anesthesia.164

Anesthesia of the Perineum
Regional anesthesia of the perineum enables perineal surgery, in-
cluding urethrostomy, in standing horses. Perineal anesthesia is
accomplished by desensitizing the superficial and deep (subfas-
cial) branches of the perineal nerves. These branches arise on
both sides of the anus and pass ventrally over the ischial arch to
the scrotum. A 2.5-cm, 22-gauge needle is inserted approxi-
mately 2.5 cm dorsal to the ischial arch and 2.5 cm lateral to the
anus in order to inject 5 mL of local anesthetic subcutaneously.
A deeper subfascial injection of 5 to 7 mL of the anesthetic is
then performed after the needle is directed dorsally 0.5 to 1.0 cm.
The procedure is repeated at the opposite site.165

Anesthesia of the Penis or Vulva
The penis or vulva is anesthetized by desensitizing the ventral
branches of the pudendal nerve. First the perineal nerves are de-
sensitized as described above, and then a 5-cm, 20-gauge needle
is inserted at the same site as for perineal nerve anesthesia and is
advanced toward the midline to strike the ischiatic arch.
Approximately 10 to 20 mL of local anesthetic is injected (Fig.
22.36).166 The procedure is repeated at the opposite site.

Therapeutic Local Analgesia
Infiltration of sympathetic nerves by local anesthetic solution ef-
fectively interrupts reflex spasm of local vasculature and pain.
The two common sites where the equine sympathetic nervous
system is desensitized most effectively are the cervicothoracic
(stellate) ganglion and the paralumbar sympathetic ganglia.
Sensory and motor interruption does not result unless the tho-
racic or lumbar somatic nerves have been desensitized by faulty
technique.

Cervicothoracic (Stellate) Ganglion Block
Infiltration of the cervicothoracic ganglion (CTG) in horses with
local anesthetic solution is effective and therapeutically recom-
mended for relief of vasoconstriction and pain in the head, neck,
and front leg (Fig. 22.37). It can be successfully accomplished in
horses with a variety of skin, muscle, nerve, and joint and tendon
sheath diseases.167,168 A single CTG blockade is effective in
acute disorders, whereas two or three blockades are required for
good results in chronic conditions of idiopathic shoulder lame-
ness, radial nerve paralysis, and eczema of the head and neck.

The CTG is best reached from a cranial and paratracheal ap-
proach in a horse bearing equal weight with both thoracic limbs.
The skin-puncture site is 12 to 17 cm dorsal to the intermediate
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Fig. 22.35. Needle placement for right intratesticular injection in a
standing horse.



tubercle of the humerus in the jugular furrow dorsal to the jugu-
lar vein and carotid artery. This area is aseptically prepared and
infiltrated with 2 to 3 mL of local anesthetic solution. A 25-cm,
16-gauge needle is inserted through the desensitized skin and ad-
vanced horizontally or 5° dorsomedially until it impinges on the
transverse process or body of the seventh cervical vertebra, and
2 to 3 mL of the anesthetic is injected (A in Fig. 22.38). The
depth of needle penetration ranges from 10 to 15 cm, depending
on the size of the musculus longus colli. The needle is first par-
tially withdrawn and then reinserted more laterally and ventrally,
thereby bypassing the seventh cervical vertebra and reaching the
articulations of the first and second ribs (B in Fig. 22.38). The
needle is then 15 to 20 cm from the surface of the skin.169 After
aspiration to be sure that the needle point has not entered a blood
vessel, the pleural cavity, or subarachnoid space, approximately
50 mL of 1% lidocaine HCl in aqueous solution is injected with
minimal resistance. This amount of anesthetic diffuses through-
out the tissues surrounding the CTG. An additional 50 mL of li-
docaine is injected during withdrawal of the needle for 5 to 10
cm to desensitize the sympathetic fibers between the CTG and
the eighth cervical spinal nerve. Adequate sympathetic blockade
is indicated by ipsilateral, increased subcutaneous temperature
(up to 3°C) and profuse sweating of the head, neck, and thoracic
limb; ipsilateral Horner’s syndrome (e.g., ptosis, miosis, and
enophthalmos) (Fig. 22.39A); and ipsilateral paresis. These signs
are present 10 to 15 min after injection and last more than 75
min. The appearance of Horner’s syndrome with no increase in
subcutaneous temperature of the thoracic limb indicates that the
CTG blockade has not been effective and sympathetic nerve sup-
ply to the thoracic limb has not been interrupted for therapeutic
purposes.

Increased skin temperature is related to increased blood flow
to muscle and cutaneous vascular beds and develops despite the

cooling effect of profuse sweating. Factors responsible for sweat-
ing include blood supply and, hence, increased heat in the area,
higher metabolism in sweat glands, and central stimulation
caused by the horse’s excitement. Horner’s syndrome is caused
by the interruption of the oculosympathetic pathway at the site of
the CTG block and/or at the site of the ventral sympathetic roots
between the eighth cervical and second thoracic spinal nerves.

Unilateral CTG blockade minimally changes heart rate, car-
diac output, aortic blood pressure, and total peripheral resistance
in conscious horses.170 Maximal plasma concentrations of lido-
caine after unilateral CTG blockade in adult horses have been re-
ported, indicating that a toxic blood concentration was not pres-
ent.170 Ipsilateral laryngeal paralysis, decreased respiratory rates,
and increased arterial carbon dioxide partial pressure (PaCO2)
are indicative of vagal inhibition. However, hypoventilation in
resting horses is not severe enough to induce significant respira-
tory acidosis or hypoxemia. Potential serious complications are
transitory brachial plexus and recurrent laryngeal nerve paralysis
and pneumothorax. Bilateral CTG blockade is contraindicated in
horses.
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Fig. 22.36. Topographic anatomy for perineal and pudendal nerve
block. The palpable ischiatic arch (a) and ischiatic tuberosity (b) are
marked. Infiltration of the left pudendal nerve with local anesthetic is
shown. From Skarda.3

Fig. 22.37. Restraint of a thoroughbred mare (520 kg, 7 years old)
during infiltration of the right-side cervicothoracic ganglion (CTG) with
1 g (100 mL of a 1% lidocaine hydrochloride solution) of lidocaine.
Plasma lidocaine concentrations were 0.5 and 0.35 µg/mL at 30 and
60 min after injection. Pain relief from fetlock arthrodesis after com-
minuted P1 fracture and secondary osteomyelitis was evident by
more weight bearing and food uptake for at least 3 days after CTG
blockade.



Paravertebral Lumbar Sympathetic Ganglion
Block
Infiltration of the lumbar sympathetic ganglia in horses with
local anesthetic solution has been demonstrated as a therapeutic
measure for myositis, periositis, coxitis, and paralysis of the fibu-
lar and penile nerves.167,168 Although any of the interspaces be-
tween the 18th thoracic and fourth lumbar vertebrae may be used
as possible sites to reach the lumbar sympathetic ganglia, the
ideal puncture site is between the transverse processes of the sec-
ond and third lumbar (L2 and L3) vertebrae, about 10 to 15 cm
lateral to their spinous processes. This area is aseptically pre-
pared and infiltrated with 2 to 3 mL of local anesthetic. A 25-cm,
18-gauge needle with a marker on the needle shaft is inserted
through the desensitized skin and advanced until its tip contacts
the transverse process of L2 or L3. The marker is used to note the
depth of penetration (A in Fig. 22.40). The needle is partially
withdrawn to the subcutaneous area and reinserted at approxi-
mately 45° from vertical for a calculated distance, which equals
the distance between the marker (skin puncture) and the needle
point plus an additional 5 to 8 cm (B in Fig. 22.40). The needle
is correctly placed if there is no air from the peritoneal cavity or
blood from a blood vessel upon needle aspiration and no resist-
ance to the injection of local anesthetic results. Approximately
100 mL of 1% lidocaine HCl solution is slowly injected. This
amount of anesthetic diffuses throughout the tissues surrounding
the sympathetic trunk and two segments rostrally and caudally.

Adequate sympathetic blockade is recognized by profuse sweat-
ing and increased (up to 2.5°C) subcutaneous temperature of the
ipsilateral pelvic limb within 10 min after injection. Nonsedated
horses tolerate unilateral lumbar sympathetic ganglionic (ULSG)
blockade well. Hemodynamic and respiratory alterations induced
by unilateral ULSG blockade in horses are usually minor.171

Potential complications include hematoma caused by puncture of
blood vessels, intravascular injection, abdominocentesis, and
needle breakage.

Novel Regional Analgesic Techniques
Intra-articular injection with morphine, abaxial nerve block with
ketamine, and local application of 5% lidocaine patches are con-
sidered novel techniques to produce local and regional analgesia
in horses.

Intra-articular Morphine
Intra-articular morphine might be a useful technique for pain re-
lief after arthroscopic surgery. In a recent study, morphine sulfate
(15 mg in 5 mL of 0.9% NaCl solution) containing 0.1% wt/vol
sodium metabisulfite or 5 mL of 0.9% NaCl solution was in-
jected into the left tibiotarsal joint of eight ponies, weighing 270
to 340 kg, to investigate whether intra-articular morphine in-
flames the joint and to determine the systemic absorption of mor-
phine and its persistence intra-articularly after 24 h.172 The peak
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Fig. 22.38. Needle placement to seventh
cervical vertebra (A) and cervicothoracic
(stellate) ganglion (B) (left side).



mean plasma morphine concentration (7.1 µg/L) was determined
30 min after intra-articular morphine administration. Neither
morphine nor its metabolites (morphine 3-glucuronide and mor-
phine 6-glucuronide) were detected in plasma at 6 h while mor-
phine was still detectable in the synovial fluid of each pony at 24
h after injection. There was no correlation between the concen-
tration of morphine in plasma and in synovial fluid.172

Abaxial Nerve Block with Ketamine
The local analgesic effect of 5 mL of ketamine (1%, 2%, and 3%
solution) injected as an abaxial sesamoid block has been as-
sessed using a noxious thermal stimulus.173 All horses injected
with either 2% or 3% ketamine developed a rapid abaxial
sesamoid block with a duration of action of 15 min. In horses in-
jected with 1% ketamine, the failure rate was nearly 50%.
Higher doses of ketamine may possess some local anesthetic
properties by blocking sodium-ion and potassium-ion channels,

thereby stabilizing cellular membranes and obstructing nerve
transmission.

Local Application of a 5% Lidocaine Patch
Lidocaine patch placement has been assessed for lameness local-
ized to the carpus, fetlock, or distal limb. One or two patches of
5% lidocaine (Lidoderm; Endo Pharmaceuticals, Chadds Ford,
PA) can be placed on the affected joints.174 The area for patch
placement should be clipped and then covered by the patch (10
� 14 cm). Patches contain 700 mg of lidocaine (50 mg/g adhe-
sive) in an aqueous base with methylparaben and propylparaben
as preservatives. Once the patch is applied, the joint should be
bandaged. Transdermal lidocaine application appears to reduce
pain in some horses. Mass spectrometry and enzyme-linked im-
munosorbent assays have not detected lidocaine in venous blood
samples taken at 2, 4, 8, and 12 h after patch application, indicat-
ing that the systemic uptake of lidocaine is likely quite minimal.
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Fig. 22.39. Horner’s syndrome as evidence of sympathetic blockade to the head 15 min after infiltration of the right cervicothoracic ganglion
with 100 mL 1% lidocaine. A: Right eye with ptosis, miosis, and enophthalmos. B: Unaffected left eye.
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Right ganglionic chain.
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Introduction
Local or regional analgesia is a preferred method in food animals
because of accepted practice and economic necessity. Many sur-
gical procedures are performed safely and humanely using a
combination of physical restraint, mild sedation or tranquiliza-
tion, and local or regional anesthesia. The techniques should pro-
vide reversible loss of pain to a limited body area with minimal
effects on homeostasis. The standing position is optimal for a
number of surgical procedures of ruminants, because it reduces
the problems associated with bloat, salivation, recumbency-
related regurgitation, and nerve or muscle damage.1–4

Local or infiltration analgesia is achieved by injecting a local
anesthetic solution into the tissues at a surgical site, whereas re-
gional analgesia is induced after perineural injection near major
nerves. The most commonly used techniques in ruminants are
surface (topical) anesthesia, infiltration anesthesia, nerve-block
(conduction) anesthesia, epidural anesthesia, and intravenous re-
gional anesthesia. Although local anesthetic drugs are routinely
used, none has presently been approved by the Food and Drug
Administration (FDA) for use in lactating dairy cows. Epidural
morphine is safe and effective, and provides an alternative ap-
proach for treatment of pain after hind-limb orthopedic surgery.

Infiltration anesthesia, lumbosacral epidural anesthesia, and in-
tratesticular injection are the most popular local anesthetic tech-
niques in properly tranquilized pigs. The advantages of regional
analgesia over general anesthesia include the need for minimal
apparatus (e.g., syringe, needles, and drug) and little risk of toxic
side effects. Several factors must be considered in the choice of a
technique:5

1. The site, nature, and expected duration of surgery
2. The species, temperament, and health of the patient
3. Special requirements (such as minimum fetal depression dur-

ing cesarean section)
4. The skill and experience of the veterinarian
5. The economics of time and materials

Local Anesthetics
A variety of local or regional anesthetic drugs can penetrate pe-
ripheral nerve barriers and provide reversible anesthesia with ac-
ceptable onset times and predictable duration.5–9 The drugs vary
as to the potency, toxicity, and cost, and none has been approved
by the FDA for use in lactating dairy cows, although such agents
are commonly used (Table 23.1). Lidocaine hydrochloride solu-
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tion has become the single agent of choice because of its inter-
mediate anesthetic duration of 11/2 to 3 h and the cost restrictions
and limited space in a mobile-practice vehicle. The maximal
dose of injected lidocaine should be limited to approximately 4
mg/kg of body weight (0.2 mL/kg of body weight without epi-
nephrine) to avoid toxicity.

Patches of 5% lidocaine (Lidoderm; Endo Pharmaceuticals,
Chadds Ford, PA) for transdermal delivery of lidocaine are avail-
able. Each patch (10 � 14 cm) contains 700 mg of lidocaine (50
mg per gram of adhesive) in aqueous base and methylparaben
and propylparaben as preservatives. Although studies about the
analgesic efficacy, pharmacology, and pharmacokinetics of trans-

dermal lidocaine in cattle have not been reported, two patches of
5% lidocaine applied around the fetlock joint have reduced local
pain in cows (personal observation) (Fig. 23.1).

The addition of a vasoconstrictor, such as epinephrine at con-
centrations of 5 to 20 µg/mL (1:200,000 to 1:50,000), is occa-
sionally incorporated or can be added to the commercial local
anesthetic solution to increase intensity, prolong anesthetic activ-
ity, and reduce the potential for toxicity.10 These concentrations
may be obtained by adding 0.1 mL of 1:1000 (0.1 mg) epineph-
rine to 5 mL (1:50,000) and 20 mL (1:200,000) of local anes-
thetic solution. The use of local anesthetic drugs containing a
vasoconstrictor often causes tissue necrosis along wound edges,

Fig. 23.1. Black-and-white Holstein cow, 4 years old, with sole ab-
scess of the lateral claws and comminuted fracture of the lateral plan-
tar process of digit IV of the right rear foot (A). Radiograph of the dis-
tal phalanx (P3) confirms the fracture with articular involvement (arrow)
and possible osteomyelitis and septic arthritis of the distal interpha-
langeal joint of digit IV, and pedal osteitis of the distal phalanx of digit
IV (B). A ring block, using 15 mL of 2% lidocaine, was performed at
the midmetatarsal level, and the fractured plantar process of P3 was
removed. An incision was made above the coronary band on the cra-
nial aspect of the foot and connected to the opening of the abscess
on the sole. Two gauze patches soaked in betadine solution were used
to create a drain for the incision through the opening in the sole of the
foot. Two 5% Lidoderm patches were placed over the metatarsals,
one medially and one laterally (C), and then the leg was wrapped with
a bandage. Because the cow appeared more comfortable, was getting
up easier without much encouragement, and was standing for longer
periods after the transdermal lidocaine application, the Lidoderm
patches were reapplied once a day for 3 additional days.

A

B

C



especially in thin-skinned animals, and it should be avoided for
anesthesia of the teat and intravenous regional analgesia.

Adding hyaluronidase to lidocaine at a rate of 150 turbidity-
reducing units per 25 mL will hasten the time of onset of infiltra-
tion anesthesia and shorten anesthesia, owing to increased per-
meability of the tissues.10 The necessity for its use, other than in
combination with procaine hydrochloride solution (1%), has
been questioned with the introduction of newer local anesthetics
with improved infiltration power. The enzyme enables smaller
volumes of local anesthetic solution to be used. The combination
of local anesthetics, epinephrine, and hyaluronidase produces
prolonged anesthesia because of reduced uptake while maintain-
ing the spreading action of hyaluronidase upon local anesthet-
ics.11 Accuracy in technique is still necessary because tissue fas-
cial planes act as barriers. The greatest use of hyaluronidase is in
ophthalmology (retrobulbar blocks) and local anesthetic nerve
blocks for postoperative pain relief.

Regional Anesthesia of the Head
The most frequently desensitized nerves of the head are the au-
riculopalpebral, supraorbital, zygomaticotemporal (lacrimal), in-
fraorbital, oculomotor, abducens, and trochlear. Many of these
nerves are maxillary and ophthalmic branches of the trigeminal
(fifth) cranial nerve.

Anesthesia of the Eye and Relaxation of 
the Globe
The neuroanatomy of ocular structures is complex. The globe,
conjunctiva, nictitans, and most of the eyelids are supplied by
sensory fibers of the ophthalmic division of the trigeminal nerve.
The extraocular muscles are supplied by motor fibers of the
trochlear nerve (superficial oblique muscle), the abducens nerve
(lateralis rectus and retractor oculi muscles), and the oculomotor
nerve. The oculomotor, trochlear, ophthalmic, and maxillary
branches of the trigeminal and abducens nerves emerge from the
foramen rotundum orbitale.

At present, topical and regional anesthetics are used to facili-
tate surgery of the eye and its associated structures. The eyelids
(without anesthesia) are selectively paralyzed by desensitizing
the auriculopalpebral branch of the facial nerve (akinesia).
Anesthesia of the eye and orbit and immobilization of the globe
are commonly achieved by retrobulbar injection of a local anes-
thetic or by using the Petersen technique (or its modification).12

For topical anesthesia, one or two drops of proparacaine hy-
drochloride (0.5%) solution are instilled in the eye. Pain associ-
ated with corneal disease is relieved in 30 s and for as long as 10
to 15 min.13 In addition, blepharospasm caused by superficial ir-
ritation of the cornea is relieved, so examination of the eye or
minor surgery is greatly facilitated. The FDA has approved the
use of proparacaine in food animals to induce topical anesthesia
for cauterization of corneal ulcers, removal of foreign bodies and
suture from the cornea, and measurements of intraocular pressure
(tonometry) when glaucoma is suspected. Other ophthalmic
anesthetic solutions, such as Xylocaine [lidocaine] hydrochloride
(4%) or tetracaine hydrochloride, are toxic to the corneal epithe-

lium, suppressing mitosis and reducing protective blink reflexes,
and should not be used for treatment of the eye.14

Anesthesia and Akinesia of the Eyelids
The site for producing a linear subcutaneous infiltration (line
block) is about 0.5 cm from the margin of the dorsal and ventral
eyelids in adult cattle. Approximately 10 mL of a 2% lidocaine
hydrochloride solution is administered at multiple sites, 0.5 cm
apart, using a 2.5-cm, 22- or 25-gauge needle (Fig. 23.2A).

Paralysis of the eyelids (without analgesia) is commonly per-
formed in cattle by selectively desensitizing the auriculopalpe-
bral branch of the facial nerve (akinesia).13 The nerve is some-
times palpable in a notch on the zygomatic arch, anterior to the
base of the auricular muscles, where a 2.5-cm, 18- or 20-gauge
needle is placed subcutaneously, and 5 to 10 mL of the anesthetic
is deposited (Fig. 23.2B). The combination of topical anesthesia
and auriculopalpebral akinesia is useful for removing foreign
bodies from the cornea and conjunctival sac and for injecting
medication into the bulbar subconjunctiva.

Anesthesia for Enucleation
In doing a retrobulbar block for enucleation or to facilitate sur-
gery and radiation therapy in cattle with squamous cell carci-
noma at the cornea, a 15-cm, 18-gauge needle with a fairly large
bend (approximately 25-cm diameter) is used in adult cattle.
Head restraint with a halter or nose grip is necessary. In small ru-
minants, a 3.75-cm, 22-gauge needle may be used.

The sites for lid penetration are at the superior, inferior, me-
dial, or lateral orbital rim. The surgeon’s index finger is used to
deflect the globe and protect it from the needle point (Fig.
23.3A). When using the medial canthus approach, the medial
wall of the bony orbit is felt. The needle is then inserted in the
fornix of the conjunctiva cranial to the nictitans dorsomedial to
the operator’s finger until the orbital apex is encountered (Fig.
23.3B). Approximately 15 mL of a 2% lidocaine hydrochloride
solution or equivalent is injected in small increments as the nee-
dle is advanced, thereby pushing initial structures from the nee-
dle point. The needle must not be fully inserted into the orbit to
avoid penetration of the optic nerve sheath. Once the entire block
is completed, the structures that will be desensitized include the
optic nerve; the elevator palpebral muscles; the medial rectus, the
dorsal rectus, the ventral rectus, and the inferior oblique muscles
(all innervated by the oculomotor nerve); the superior oblique
muscle (innervated by the fourth cranial nerve); the sensory part
of the eye and adnexa (innervated by the fifth cranial nerve); the
retractor oculi muscles; the lateral rectus muscle (innervated by
the sixth cranial nerve); and the orbicularis oculi muscle (inner-
vated by the seventh cranial nerve). A satisfactory retrobulbar
nerve block should then accomplish anesthesia for whatever pro-
cedure would be desired for the eye and eyelids and will en-
able the proptosing of the eye for surgery on the cornea or enu-
cleation.

Adverse effects that may result from retrobulbar injections in-
clude apnea,15 orbital hemorrhages, direct pressure on the globe,
penetration of the globe, damage to the optic nerve, initiation of
the oculocardiac reflex, and injection into the optic nerve men-
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Fig. 23.2. Needle placement for infiltration of
the eyelids (A) and nerve blocks on the head in
cattle: auriculopalpebral (B), infraorbital (C),
and cornual (D) branches of the zygomati-
cotemporal nerve.

Fig. 23.3. Retrobulbar needle placement
through the medial canthus (A) to the or-
bital apex (B) in cattle.



inges. Damage to the globe may be serious for procedures other
than enucleation. If the optic nerve or optic foramen is penetrated
and local anesthetic is injected beneath the meningeal covering,
epidural or subarachnoid anesthesia of the brain may result,
which can be fatal. Risk of subarachnoid (cerebrospinal fluid
[CSF]) injection is minimized by aspiration check.

In performing the Peterson block,16 the notch formed by the
supraorbital process cranially, the zygomatic arch ventrally, and
the coronoid process of the mandible caudally, is identified. A
2.5-cm, 22-gauge needle is inserted at this notch, and approxi-
mately 5 mL of a 2% lidocaine hydrochloride solution is injected
subcutaneously. A 2.5-cm, 14-gauge needle (to serve as a can-
nula) is placed through the desensitized skin as far anterior and
ventral as possible in the notch. A straight or slightly curved 10-
to 12-cm, 18-gauge needle is inserted into the cannula in a hori-
zontal and slightly posterior direction until it encounters the
coronoid process of the mandible at approximately 2.5 cm
through the skin. The cow’s head is fully extended with frontal
and nasal bones parallel to the ground. The needle with no sy-
ringe attached (to feel the bony landmarks) is gently manipulated
anteriorly until its point passes medially in front of the coronoid
process. The needle is then advanced to the pterygopalatine fossa
rostral to the solid bony plate that is in close proximity to the or-
bitorotundum foramen at a depth of 7.5 to 10 cm (Fig. 23.4A).
Penetration of the turbinates and nasopharynx must be avoided.
Approximately 15 mL of the local anesthetic is injected under
control of aspiration to ensure that the needle point has not en-
tered the ventral maxillary artery. All of the important nerves
(oculomotor, trochlear, and abducens) and the three branches of
the trigeminal nerve (ophthalmic, maxillary, and mandibular)
that emerge from the foramen orbitorotundum are desensitized
10 to 15 min after completion of the injection (Fig. 23.5).17 A
proper technique anesthetizes all the structures for sensory and
motor function of the eye, except for the eyelid. The lid block is
accomplished by desensitizing the auriculopalpebral branch of

the facial nerve by withdrawing the needle to the subcutaneous
tissue and reinserting it posteriorly for 5 to 7.5 cm lateral to the
zygomatic arch, as an additional 5 to 10 mL of the anesthetic is
injected (Fig. 23.4B). If the upper lid is involved in the surgical
procedure, a line of infiltration with 10 mL of the local anesthetic
should be made subcutaneously approximately 2.5 cm from the
margin of the lid (Fig. 23.2A). The anesthetic is laid along its
path while the needle is being advanced. Several different planes
of anesthetic infiltration along the frontal crest are performed, so
no matter where the nerve is coursing through that region, it
should be desensitized by this fanning procedure.

As might be expected, some experience is required to strike a
foramen that small at such great depth from the surface. To facil-
itate the Peterson procedure, a curved needle similar to that used
for the retrobulbar block may be used. The concavity of the nee-
dle is kept caudal to facilitate the passage of the needle point ros-
tral to the mandibular coronoid process. The needle is moved
slightly back and forth, fanning across this area until some motor
reaction and flinch of the animal’s eye is determined.

When comparing the Peterson eye block and retrobulbar injec-
tion, it is apparent that the Peterson technique requires more skill
to perform correctly, but is safer and more effective if done prop-
erly. There is less edema and inflammation than when eyelids
and orbit are infiltrated. In addition, the risk of orbital hemor-
rhage, direct pressure on the globe, penetration of the globe,
damage to the optic nerve, or injection into the optic nerve men-
inges is minimized with Peterson’s technique.18–21 Comparison
of retrobulbar and Peterson nerve-block techniques via magnetic
resonance imaging in bovine cadavers also indicates that the
retrobulbar injection technique provides a greater distribution of
a lipid contrast medium around the periorbital structures, the
optic nerve, and in the ethmoid turbinates and nasopharynx, com-
pared with the Peterson nerve-block technique, which primarily
distributes the contrast medium in the perygopalatine fossa and
only minimally in the surrounding structures.22
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Fig. 23.4. Needle placement for Peterson eye
block (A) and auriculopalpebral nerve block (B): a,
foramen orbitorotundum; b, pterygoid crest; and c,
coronoid process.



Both retrobulbar block and Peterson’s technique prevent blink-
ing for several hours. Antibiotic eye ointments of sterile saline
solution should be applied to the cornea frequently during sur-
gery and after orbital replacement of the globe to keep the cornea
moist. Sunlight, dust, and wind in the eye must be avoided to pre-
vent keratoconjunctivitis. Alternatively, the lids may be sutured
together until motor activity of the lids returns. Local anesthetics
in conventional concentrations should not produce nerve damage
of clinical importance. Severe central nervous system (CNS) tox-
icity in both procedures, however, may arise from penetration of
the turbinates and injection of local anesthetic solution into the
optic nerve meninges and nasopharynx. The clinical signs of
local anesthetic CNS toxicity include hyperexcitability, lateral
recumbency, opisthotonus, tonic-clonic convulsions, respiratory
arrest, and cardiac arrest.

Nasal Anesthesia
For repair of nasal lacerations in cattle and insertion of a nose
ring in mature, ill-tempered bulls, nasal analgesia is required.23,24

Bulls must be thoroughly restrained during the procedure and, if
unruly, should be tranquilized before nasal analgesia is at-
tempted. A 3.75-cm, 18-gauge needle is used for perineural in-
jection of the infraorbital nerve at its point of emergence from the
infraorbital canal. Difficult to palpate, the foramen is located ros-
tral to the facial tuberosity on a line extending from the nasomax-

illary notch to the second upper molar (P2), which in adult ani-
mals is approximately 5 cm dorsal to P2. Approximately 20 to 30
mL of a 2% lidocaine hydrochloride solution is injected along a
line rostral to the infraorbital foramen and superficial to the max-
illa (Fig. 23.2C).

Anesthesia of the Horn
Anesthetic techniques for dehorning cattle and goats and for dis-
budding young kids have been described.24–32 Considerable con-
troversy exists over the ideal method for horn removal, quantifi-
cation of dehorning-related pain, and consequently the necessity
for regional analgesia for dehorning young calves. As early as the
1960s, behavioral, endocrine, and cardiac responses in young
Friesian calves during and after dehorning with an electrical cau-
terizing dehorner either with or without sedation and analgesia
(xylazine and butorphanol, intramuscularly [IM]), indicated that
routine field use of local analgesia (corneal nerve block) im-
proved the welfare of calves subjected to dehorning with a hot
iron.32

Analgesia of the horn and base of the horn in cattle is achieved
by desensitizing the cornual branch of the zygomaticotemporal
(lacrimal) nerve, which is a portion of the ophthalmic division of
the trigeminal nerve.33,34 The zygomaticotemporal nerve leaves
the lacrimal nerve within the orbit and passes through the tempo-
ral fossa dorsal to the zygomatic process of the squamous tempo-
ral bone and around the lateral edge of the frontal bone dorsal to
the temporal muscle. At first it lies deep, but on the upper third
of the lateral temporal ridge it lies relatively superficial, 7 to 10
mm deep. The zygomaticotemporal nerve supplies sensory fibers
to the horn and surrounding skin, particularly on its caudal as-
pect, and the skin of the ear. The nerve can usually be palpated
halfway between the lateral canthus and the horn (bud) between
the thin frontalis muscle and temporal muscle. A 2.5-cm, 20-
gauge needle is inserted ventromedially close to the frontal bone
approximately 2 to 3 cm in front of the base of the horn, and 5 to
10 mL of a 2% lidocaine hydrochloride solution, depending on
size, is injected (Fig. 23.2D). Needle penetration is from 1 cm in
small cattle to 2.5 cm in large bulls. The cornual artery and vein
are close to the site of block; thus, aspiration ensures that the nee-
dle point is not inadvertently intravascular. Cornual anesthesia
should result unless anesthetic has been injected too deeply in the
aponeurosis of the temporal muscle. With an adequately per-
formed cornual nerve block, there is a blink response during in-
filtration and an ipsilateral lid droop because of the blockade of
some branches of the auriculopalpebral nerve. In exceptional
cases and in a fractured horn involving the frontal bone and si-
nuses,34 a large posterior branch of the sinuum frontalis nerve
maintains sensitivity of the cornual process. This nerve can be
desensitized by using the Peterson eye-block technique.16 Adult
cattle and bulls with well-developed horns require extensive
subcutaneous infiltration of the caudal aspect of the horn base 
to desensitize the cutaneous branches of the second cervical
nerve.16,25 Regional analgesia dissipates 3 to 4 h after use of a
long-lasting local anesthetic (e.g., bupivacaine).35 Thereafter,
blood cortisol spikes may develop, and painful behavioral traits
become evident.36 In one study, combining corneal nerve block
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Fig. 23.5. Cutaneous areas of the bovine head supplied by sensory
fibers from the ophthalmic (A), maxillary (B), and mandibular (C)
nerves.



with wound cauterization substantially reduced the cortisol re-
sponse for 1 day after dehorning, whereas dehorning alone caused
marked cortisol response for nearly 7 h.37 Intravenous administra-
tion of a nonsteroidal anti-inflammatory analgesic may also be
useful in preventing acute postsurgical pain in dehorned calves.
Systemic analgesia can be combined with regional analgesia to
reduce the stress associated with dehorning.38–40 In a study as-
sessing the efficacy of the nonsteroidal anti-inflammatory drugs
(NSAIDs), ketoprofen and adrenocorticotropic hormone, but not
phenylbutazone, significantly reduced cortisol levels after local
anesthetic administration and dehorning.41 Pain was best miti-
gated after hot-iron dehorning in 4 to 8 week calves, with the
combined effects of a local anesthetic (lidocaine) and an NSAID
(ketoprofen) before dehorning, and an anti-inflammatory drug
(ketoprofen) again 2 and 7 h after the procedure.41 Similarly, the
use of a corneal nerve block and intramuscular injection of keto-
profen at least 10 min prior to dehorning, combined with either
the use of a butane burner or an electrical Rhinehart dehorning
device, has proven efficacious in reducing pain-associated behav-
ior.42 Dairymen should be encouraged to dehorn calves at a
young age to minimize the pain response. Based on elevated cor-
tisol levels, scoop dehorning has been deemed unacceptable by
some investigators.43,44 Likewise, the dehorning of cattle while
they are restrained with an electroimmobilizer may be painful on
application and should not be relied on to produce appropriate
analgesia for such an invasive procedure.45

The horns and bases of the horns in goats are supplied by the
cornual branches of the zygomaticotemporal (lacrimal) and in-
fratrochlear nerves. Goats are typically sedated with intramuscu-
lar xylazine (0.1 mg/kg) administration before regional analgesia
is initiated. The cornual branch of the zygomaticotemporal
(lacrimal) nerve is desensitized by inserting a 2.5-cm, 22-gauge
needle halfway between the lateral canthus of the eye and lateral
base of the horn as close as possible to the caudal ridge of the
supraorbital process and 1.0 to 1.5 cm deep, with 2 to 3 mL of a
2% lidocaine hydrochloride solution in adult goats (Fig. 23.6A).
A second injection is made halfway between the medial canthus
of the eye and medial base of the horn to desensitize the cornual
branch of the infratrochlear nerve. The needle is inserted dorsal
and parallel to the dorsomedial margin of the orbit. The anes-
thetic is administered in a line, because this nerve is frequently
branched (Fig. 23.6B).

Early disbudding of small horns (<1 cm in diameter at the
base) in the first few days of life uses thermal cautery, whereas
larger horns (>2 cm in diameter at the base) are removed by sur-
gery. Hemorrhage should be controlled by ligating the cornual
artery. Dehorning of goats that are 8 months of age or older opens
the frontal sinus, which should be protected by a snug, but not
too tight, sterile bandage for as long as 1 month. The bandage
should not produce edema and postoperative pain over the de-
horning site. An elliptical ring block around the base of the entire
horn of mature goats should be laid for a cosmetic dehorning pro-
cedure. This technique produces excellent cosmetic appearance
with minimal postoperative care.46,47 Anesthesia of the nerve to
the sinus mucosa and periosteum of the frontal sinus is impracti-
cal, because the nerve arises deep within the orbit and enters the

frontal bone without appearing superficial.33 Sedation of the an-
imal is required if the frontal sinus will be entered during horn
removal.28 General anesthesia should be used in mature goats
with large horns. Owners should be advised that dehorning ma-
ture female goats late in gestation can induce abortion and that
dehorning male goats used for breeding can temporarily alter
their social status within a herd.30

Additional postoperative analgesia can be given by a single in-
travenous injection of flunixin meglumine (1 mg/kg of body
weight). To alleviate pain during disbudding of young kids be-
tween 7 and 14 days of age, 0.5 mL of a 2% lidocaine hydrochlo-
ride solution is injected subcutaneously around the horn base
(ring block). Toxic doses are more likely to administered acci-
dentally after large areas of tissue have been infiltrated with 2%
solutions of lidocaine, mepivacaine, procaine, and prilocaine or
0.5% bupivacaine. A total dose of 10 mg/kg (0.5 mL of a 2% so-
lution/kg or 1 mL of a 1% solution/kg) of lidocaine should not be
exceeded to prevent overdose. Inadvertent rapid intravenous in-
fusions produce the most dramatic and rapid onset of symptoms.
Apparent signs of toxicity include excitation, lateral recumbency,
extensor rigidity, muscular twitching, dullness, generalized
tonic-clonic convulsions, opisthotonus, and odontoprisis.48,49

Coma, blindness, respiratory arrest, and cardiac arrest can occur
with high plasma concentrations (>15 µg/mL) of lidocaine.

Anesthesia for Laparotomy
At least six techniques for inducing anesthesia of the paralumbar
fossa and abdominal wall in standing ruminants have been de-
scribed: (a) infiltration, (b) proximal paravertebral thoracolum-
bar, (c) distal paravertebral thoracolumbar, (d) segmental dor-
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Fig. 23.6. Needle placement for desensitizing the cornual branches
of the zygomaticotemporal (A) and infratrochlear nerve (B) in goats.



solumbar epidural, (e) continuous lumbar segmental epidural,
and (f) thoracolumbar subarachnoid anesthesia. Any of these
techniques may be used for surgeries such as rumenotomy, ceco-
tomy, correction of gastrointestinal displacement, intestinal ob-
struction and volvulus, cesarean section, ovariectomy, and liver
or kidney biopsy, among others.50,51

Infiltration Anesthesia
Line Block
Simple infiltration of the incision line (line block) is the easiest
and probably the most commonly used technique for producing
analgesia of the flank in food animals. Multiple subcutaneous in-
jections of 0.5 to 1.0 mL of a 2% lidocaine hydrochloride solu-
tion, 1 to 2 cm apart, are administered using a 2.5-cm, 20-gauge
or smaller needle. Successive injections of 10 to 15 mL of the
anesthetic are made slowly and continuously as the needle is in-
serted at the edge of the desensitized skin for the skin and subcu-
taneous line block. This is followed by inserting a 7.5- to 10-cm,
18-gauge needle through the desensitized skin and infiltrating the
muscle layers and parietal peritoneum using 10 to 100 mL of the
anesthetic, depending on the area to be desensitized (Fig. 23.7).
Adult cattle (weighing 450 kg) safely tolerate 250 mL of a 2% li-
docaine hydrochloride solution (5 g) for the line block, whereas
in adult goats 10 mL of a 2% lidocaine hydrochloride solution
(200 mg) should not be exceeded. It is common practice to dilute
a 2% solution of the anesthetic with equal parts of sterile saline
to make a 1% solution and decrease the total amount of drug by
50%.49,50

Inverted-7 or L Block
The inverted-7 or L block is a nonspecific regional analgesic
technique in which up to 100 mL of a 2% lidocaine hydrochlo-
ride solution in adult cattle is injected into the tissues bordering
the dorsocaudal aspect of the last rib and ventrolateral aspect of
the lumbar transverse processes (Fig. 23.8). All nerves entering
the surgical field are desensitized 10 to 15 min after administra-

tion of the anesthetic. Deposition of the anesthetic away from the
incision site minimizes edema, hematoma, and possible interfer-
ence with healing. The disadvantages of the inverted-7 or L block
are similar to those of local infiltration anesthesia (line block)
and include incomplete analgesia and muscle relaxation of the
deep layers of the abdominal wall (particularly of the peri-
toneum), toxicity after injecting significant amounts of the anes-
thetic solution into the peritoneal cavity, and increased cost
owing to larger doses of anesthetic and longer time required.

Proximal Paravertebral Thoracolumbar
Anesthesia
The proximal paravertebral anesthesia is a good alternative to the
inverted-7 or line block. The dorsal and ventral branches of the
last thoracic (T13) and first and second lumbar (L1 and L2)
spinal nerves are desensitized as they emerge from the interver-
tebral foramina (Fig. 23.9). The technique is also called the
Farquharson,52 Hall, or Cambridge technique.53 In addition, the
third and fourth (L3 and L4) lumbar spinal nerves can be desen-
sitized if analgesia of the caudal most part of the paralumbar
fossa for cesarean section or ipsilateral foreteat and mammary
gland is desired.54 However, weakness of the pelvic limb may be
caused by desensitizing the L3 and L4 nerves, which carry motor
fibers to the femoral and ischial nerves.
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Fig. 23.8. Regional analgesia of the bovine flank by using the in-
verted-L infiltration pattern. T13 and L1 to L4 are ventral branches of
13th thoracic and first to fourth lumbar vertebral nerves.

Fig. 23.7. Restraint of a 5-year-old Holstein cow, weighing 600 kg,
in dorsolateral recumbency for right ventral abomasopexis. Approxi-
mately 25 mL of a 2% lidocaine hydrochloride solution desensitized
a 15-cm abdominal incision line. From Skarda,5 p. 630.



In cattle, the skin overlying the spinal column on the side to be
desensitized is clipped, surgically scrubbed, and disinfected. The
skin at the most obvious parts of the transverse processes of L1,
L2, and L3 at a point 2.5 to 5.0 cm from the dorsal midline is
identified and desensitized by injecting 2 to 3 mL of a 2% lido-
caine hydrochloride solution, using a short and comparatively
fine needle (2.5-cm, 20-gauge). If the T13 and L1 transverse
processes cannot be palpated, the distance between the more
prominent transverse processes of L2 and L3 is measured to
mark the anterior sites at which the needle is to be introduced to
desensitize nerves L1 and T13, respectively. The cranial aspect of
the transverse processes will usually be on a same cross-sectional
plane with the intervertebral foramina, so palpation of the most
cranial border of the transverse process of L2 is of value in locat-
ing the L1-L2 intervertebral foramen, from which the first lum-
bar (L1) spinal nerve emerges.

A 1.25-cm, 14-gauge needle (to serve as a cannula) is first in-
serted into the desensitized skin to minimize skin resistance dur-
ing insertion of a stout 4.25- to 15-cm, 18-gauge spinal needle.
The needle is passed ventrally until its point encounters the trans-
verse process of L2 or the intertransverse (L1-L2) ligament.
Small amounts (2 to 3 mL) of the anesthetic are injected as the
needle is advanced to counteract spasm of the longissimus dorsi
muscle and prevent bending of the long needle. When contact is
made with bone, the needle is walked off the cranial edge of the
transverse process of L2 and advanced approximately 1 cm to
pass through the intertransverse fascia. The penetration of the in-

tertransverse fascia can usually be felt. Approximately 10 to 15
mL of a 2% lidocaine hydrochloride solution is injected with lit-
tle resistance to desensitize the ventral branch of L1. The needle
is withdrawn 1 to 2.5 cm to above the fascia and dorsal surface
of the transverse process. An additional 5 mL of the anesthetic is
injected with slight resistance to desensitize the dorsal branch of
L1. To desensitize T13 and L2, the needle is inserted cranial to
the transverse processes of L1 and L3, its tip walked off the cra-
nial edges of the transverse processes to a depth comparable to
the previous injection site, and the nerves desensitized similarly
to L1.

In sheep and goats, T13, L1, and L2 are desensitized similarly
to the cattle method, but 2.5 to 3.0 cm off the midline and with
less anesthetic (2 to 3 mL/site). Full anesthesia develops in ap-
proximately 10 min and lasts 11/2 h. Signs of successful nerve
blockade include anesthesia of the skin, increased skin tempera-
ture because of hyperemia after paralysis of cutaneous vasomo-
tor nerves, and scoliosis toward the desensitized side caused by
paralysis of paravertebral muscles.

When compared with infiltration analgesia, proximal thora-
columbar paravertebral block offers a wide and uniform area of
analgesia and muscle relaxation. Analgesia is developed from the
13th rib caudal to the tuber coxae and ventrally to the fold of the
flank. The incision site is not disrupted. Disruption occurs with
an infiltration block when excessive amount of anesthetic is in-
jected into the tissues and multiple skin punctures by the needle
produce hemorrhage and trauma. With an infiltration block, a
considerable amount of time is required to desensitize an area of
approximately 45 cm, as would be required in a cesarean section.
If an incision this long is necessary, a paravertebral nerve block
could be done much more quickly and in a more professional and
impressive manner. The technique relies on finding landmarks,
but it is not at all difficult in thin, bony cows with easily palpable
transverse processes. The four major disadvantages of the thora-
columbar paravertebral nerve block are (a) its technical difficulty,
particularly in fat cattle and some beef cattle in which the lumbar
transverse processes are not easily palpated; (b) arching of the
spine due to paralysis of back muscles, which bow out toward the
area of incision after unilateral blockade, making the closure of
the incision more difficult; (3) the risk of penetrating vital struc-
tures such as the aorta and thoracic longitudinal vein on the left
side and the caudal vena cava on the right side; and (4) loss of
motor control of the pelvic limb caused by caudal migration of
local anesthetic to the femoral nerves.

Distal Paravertebral Thoracolumbar
Anesthesia
A lateral approach to the dorsal and ventral rami of spinal nerves
T13, L1, and L2 in cattle has been used. The technique is also
called the Magda, Cakala, or Cornell technique.55 The skin is
clipped and disinfected at the distal ends of the first lumbar (L1),
second lumbar (L2), and fourth lumbar (L4) transverse proc-
esses, and 10 to 20 mL of a 2% lidocaine hydrochloride solution
is injected in a fan-shaped infiltration pattern ventral to each
transverse process, using a 7.5-cm, 18-gauge needle (Fig. 23.10).
The needle is withdrawn a short distance and reinserted slightly
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Fig. 23.9. Needle placement for proximal paravertebral nerve block
in cattle. A: Left lateral aspect of thoracolumbar vertebrae T13 to L4
with needle tip placed at spinal nerves T13, L1, and L2. B: Cranial
view of a transection of the first lumbar vertebra at the location of the
intervertebral foramen: a, dorsal branch; and b, ventral branch of L1
vertebral nerve. From Skarda,5 p. 631.



dorsal and caudal to the transverse process to inject additional 5
mL of the anesthetic and desensitize the cutaneous branch of the
dorsolateral branches. The procedure is repeated for the second
and fourth lumbar transverse processes.

Distal paravertebral anesthesia as compared with proximal
paravertebral anesthesia offers the advantages of using more rou-
tinely sized needles, lack of scoliosis, lack of risk of penetrating
a major blood vessel (e.g., the aorta or the posterior vena cava),
minimal weakness in the pelvic limb, and minimal ataxia. On the
other hand, disadvantages of the technique are the larger doses of
the anesthetic needed and variations in efficiency, particularly if
the nerves follow a variable anatomical pathway.

Segmental Dorsolumbar Epidural Anesthesia
Although not an easy technique to perform, injection of local
anesthetic into the epidural space either between the first and sec-
ond lumbar (L1 and L2) vertebrae or, less commonly, between
the last thoracic (T13) and first lumbar (L1) vertebrae in cattle
has been employed to desensitize a number of nerve roots as they
emerge from the dura covering the spinal cord and produce a belt
of anesthesia around the animal’s trunk while maintaining con-
trol of the limbs (Fig. 23.11). This type of spinal block may be
referred to as segmental dorsolumbar epidural anesthesia or
Arthur block.56 The technique was first described in 1948;56 sub-
sequently, many have reported its use.57–61 Cattle must be thor-
oughly restrained during the procedure.

In the standard technique, the skin area caudal to the T13 or L1
spinous process and contralateral to the flank region to be desen-
sitized is aseptically prepared, and 2 to 4 mL of a 2% lidocaine
hydrochloride solution is injected subcutaneously and adjacent to
the interspinous (T13-L1 or L1-L2) ligaments to minimize pain
during the puncture procedure. The first lumbar (L1-L2) interver-

tebral space in cattle is located 1.5 to 2.0 cm caudal to an imagi-
nary line drawn across the back from the cranial edge of the
transverse process of the second lumbar (L2) vertebrae. The dor-
sal lumbar processes and the depression between them can occa-
sionally be palpated. A 1.25-cm, 14-gauge needle to facilitate
penetration of an 11.25-cm, 18-gauge spinal needle with stylet is
inserted at that site. The needle is advanced through the in-
terosseous canal, which is formed by the arches of spinous
processes T13 and L1, cranially and caudally, and the interverte-
bral articular processes laterally, until an abrupt reduction in nee-
dle passage is noted, indicating piercing through the interarcuate
ligament and entry into the vertebral canal (Fig. 23.12). The
spinal needle is inserted for a distance of 8 to 12 cm while being
directed ventrally and medially at an angle of 10° to 15° with the
vertical, at which point the needle has reached the epidural space.
The spinal needle can be inserted through the muscle with rela-
tive ease, but encounters a slight increase in resistance during the
insertion process at the interspinous and interarcuate ligaments.

Withdrawal and redirection of the needle are necessary if the
needle point impinges against the bony arches of T13 and L1 or
L1 and L2, respectively. The needle is properly placed into the
epidural space if no blood or CSF flows from the needle hub or is
obtained upon aspiration. Because of the negative pressure in the
epidural space, a sucking sound is heard as air enters the needle
immediately after penetration of the interarcuate ligament. This
negative epidural pressure may vary between heifers (�10 mm
Hg) and lactating (�17 to �20 mm Hg) or pregnant (�15 mm
Hg) cows, but the epidural pressure will be negative in all cattle.62

Most often, the epidural space is identified by the loss-of-
resistance method.39 This means that first a marked resistance to
injection of saline or air is encountered when the point of the nee-
dle enters the interarcuate ligament, and resistance completely
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Fig. 23.10. A: Left lateral aspect of needle
placement for distal paravertebral nerve block
in cattle to block dorsal (a) and ventral (b) rami
of spinal nerves T13, L1, and L2. B: Cranial
view of the transaction of the first lumbar ver-
tebra at the location of the intervertebral fora-
men. From Skarda,5 p. 633.



disappears after the point of the needle has passed through the lig-
ament. An alternative method is to place a few drops of saline or
local anesthetic solution in the hub of the needle and observe the
drops being aspirated into the needle by the subatmospheric pres-
sure of the epidural space (hanging-drop method).63,64 If bleeding
occurs, the stylet is placed into the needle, and the needle is with-
drawn after 2 to 3 min. If the dura is inadvertently punctured and
CSF is obtained, segmental thoracolumbar subarachnoid anesthe-

sia may be performed or the procedure terminated. After piercing
through the interarcuate ligament, approximately 8 mL of either a
2% lidocaine hydrochloride solution or a 5% procaine hydrochlo-
ride solution can be injected in an average 500-kg cow. This
amount of anesthetic is sufficient to desensitize the T13, L1, and
L2 dermatomes within 7 to 20 min with a duration of 45 min to 2
h.59 The needle must not be manipulated further, but should be re-
moved immediately after injection in order to avoid damage to the
spinal cord and meninges (Fig. 23.13).

Factors that influence epidural spread and duration of anesthe-
sia include age, extradural fat, pregnancy, venous circulation, and
variables that are under the direct control of the anesthetist, such
as positioning of the patient, choosing the site for epidural punc-
ture, orientation of the needle bevel, and determining the volume.
Although there is considerable disagreement among authors
about the ultimate mode of action of epidural anesthetics, spread
of the anesthetic solution within the epidural space is the first
event after injection. The epidural space at the thoracolumbar
(T13-L1) or first lumbar (L1-L2) intervertebral space in cattle
cannot be reached by the spinal needle if the interarcuate liga-
ment is ossified because of old age (>8 years).65

The typical effects of segmental blockade in young ruminants
reflect a predominantly paravertebral site of action, whereas the
widespread anesthesia produced by injection of small volumes in
elderly cattle indicates a more intense action within the subarach-
noid space itself. The dura becomes more permeable to local
anesthetics with age because of a progressive increase in the size
and number of arachnoid villi, thereby providing a larger area
through which local anesthetic can diffuse into the subarachnoid
space. The epidural local anesthetic dose needs to be reduced
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Fig. 23.11. Needle placement for seg-
mental dorsolumbar epidural analgesia in
cattle. A: Cranial and left lateral aspect of
the thoracolumbar vertebrae and their as-
sociated spinal nerves T13 to L3 with nee-
dle tip placed at the L1 to L2 intervertebral
space. B: Cranial view of a transection of
the first lumbar vertebra at the location of
the intervertebral foramen, showing the
relation of the structures inside the spinal
canal: a, articular process; b, interarcuate
ligament; c, epidural space with fat and
connective tissue; d, dura mater; e, arach-
noid membrane; f, dorsal branch; g, ven-
tral branch of first lumbar [L1] spinal
nerve; and h, ramus communicans. From
Skarda,5 p. 634.

Fig. 23.12. The 11.25-cm, 18-gauge spinal needle is directed ven-
trally and medially of approximately 10° from vertical to enter the neu-
ral canal via intervertebral space, which is surrounded by the bases
of the spinous processes cranially and caudally and by the interver-
tebral articular processes laterally (T13, thirteenth thoracic; and L1,
first lumbar vertebra).



slightly in old patients. Similarly, migration of epidural anesthet-
ics is enhanced by distension (engorgement) of epidural veins in
full-term pregnancy and increased quantities of fat in obesity.
Selective anesthesia on one side of the spinal column is achieved
by placing the needle tip within the epidural space across the
midline and injecting small volumes of the anesthetic to the
nerve roots on the contralateral side (Fig. 23.13). Bilateral anes-
thesia is achieved by administering either a larger volume of the
anesthetic or a regular dose through a needle with its tip placed
within the epidural space in the median plane dorsal to the spinal
cord, and desensitizing the nerve roots on both sides. The bevel
of the spinal needle is directed cranially to limit the caudal flow
of the anesthetic, thereby minimizing the risk of loss of motor
control of the pelvic limbs.

The area of segmental anesthesia is a function of total mass
(volume � concentration) of drug injected. Increasing the vol-
ume or concentration will increase the area desensitized. In gen-
eral, a single injection of a 2% or 3% lidocaine hydrochloride so-
lution (10 mL), 4% or 5% procaine hydrochloride solution (10
mL), or a 2% tubocaine hydrochloride (10 to 15 mL) into the
epidural space at the T13-L1 intervertebral space induced satis-
factory anesthesia and relaxation of the abdominal wall and flank
for operations such as rumenotomy and cesarean section, with
the animal standing. Anesthesia develops approximately 10 min
after injection and lasts approximately 2 h. Onset and duration of
anesthesia vary widely between local anesthetic drugs and are in-
fluenced by several factors. (Table 23.1).

Segmental spread of anesthesia is improved by increasing the
volume of the solution injected, whereas a more rapid onset of
analgesia and motor blockade, greater frequency of adequate
analgesia, greater depth of motor blockade, and longer periods of
analgesia are better achieved by increasing the concentration of
the anesthetic. The extent of cranial and caudal migration of dye
(0.12% new methylene blue in 0.9% saline), rather than diffusion
through meninges to CSF, after injection into the first interlum-

bar epidural space has been evaluated in cattle.66 As can be ex-
pected, the number of stained vertebrae and amount of epidural
fat and dura mater were greater in cows administered 10 mL
compared with 5 mL of solution. However, the number of stained
vertebrae in the 5-mL group was comparable to the number of
dermatomes with bilateral analgesia after administration of the
larger volume (10 mL) of local anesthetic (procaine), suggesting
a wider distribution in the epidural space than provision of actual
dermatomal analgesia.

Extradural fat content and venous circulation have also been
shown to influence the spread and the pharmacokinetics of 5 mL
of xylazine in 0.9% sodium chloride (NaCl) solution when in-
jected into the dorsolumbar (L1-L2) epidural space.67,68 A wider
area of segmental analgesia with faster onset and longer analge-
sia was obtained with xylazine when injection was made deeper
under the epidural fat. In comparison, the more superficial ad-
ministration of xylazine between the periosteum and epidural fat
produced uneven distribution of analgesia in the right and left
flanks with a slower onset and shorter period of analgesia and
sedation.68

Various flank surgeries, including cecotomy, cesarean section,
laparoscopy, omentopexy, rumenotomy, duodenotomy, and fis-
tulization, have been performed during dorsolumbar (L1-L2)
epidural anesthesia achieved with either lidocaine, xylazine, or a
combination of both drugs.60,61 The injection depth used was
about 9 mm deeper than the epidural entrance depth (8 cm). The
number of analgesic dermatomes increased after injection of
epidural xylazine (0.05 mg/kg) when compared with the epidural
injection of lidocaine (0.2 mg/kg) alone.60 The combination of
0.025 mg/kg of xylazine and 0.1 mg/kg of lidocaine was very ef-
fective in producing regional analgesia of the flank when per-
forming standing laparotomy in conscious cattle.60,61

The antagonistic efficacy of atipamezole (0.025 mg/kg in
0.9% NaCl) given by either the intravenous or epidural route, 30
min after the onset of segmental thoracolumbar analgesia in-
duced by the epidural injection of xylazine at the first lumbar in-
tervertebral space, has been documented.69 The wide range of
segmental analgesia and slower-developing ataxia was consid-
ered evidence of xylazine diffusion into the CSF. Atipamezole
given by either route (intravenous or epidural) reversed analgesia
at the flank, as well as sedation. However, the flank area became
desensitized again after intravenous atipamezole administration
and remained so for nearly 2 h. Ataxia was more rapidly reversed
by epidural atipamezole administration than by intravenous in-
jection.69 Although the mechanism by which epidurally adminis-
tered xylazine produces analgesia remains controversial, the re-
sults of this study support an analgesic action being mediated by
�2-adrenergic receptors, not by a local anesthetic effect. Anal-
gesia at the flank was completely reversed by atipamezole (0.025
mg/kg intravenously [IV] or epidurally), a specific and potent �2-
adrenergic receptor antagonist. Furthermore, �2-adrenergic re-
ceptors and �2-adrenergic receptor mRNAs have been identified
on the dorsal and ventral root fibers and spinal cord of calves.70

As for knowing exactly where the local anesthetic block oc-
curs following epidural administration, the critical CSF concen-
tration of local anesthetic required to eliminate response to deep
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Fig. 23.13. Cranial view of a transection of the first lumbar (L1) ver-
tebra at the location of the intervertebral foramen of an adult cow,
with needle tip placed for unilateral (right side) segmental dorsolum-
bar epidural anesthesia. ES, epidural space with fat and connective
tissue; SC, spinal cord; and L1, first lumbar vertebra.



needle-prick stimulation at the thoracolumbar T13 to L1 der-
matomes has been assessed.71,72 The subarachnoid threshold
concentration of procaine was reached after repeated epidural in-
jections, but not after a single administration, indicating that seg-
mental lumbar epidural anesthesia in cattle may be primarily due
to analgesia of dura-covered roots outside the epidural space
(paravertebral site), and to be minimally, if at all, dependent on
desensitization of nerves within the subarachnoid space.

Finally, segmental spread of anesthesia is improved by a fast
injection, but the advantage of a larger segmental area of analge-
sia is offset by a shorter duration, increased occurrence of incom-
plete analgesia, and high frequency of the patient’s discomfort
upon injection, which is probably attributable to transient eleva-
tion of CSF pressure. The rate of injection should be slow—a
volume of 10 mL given over approximately 10 s.

Selective unilateral segmental (T13-L3) epidural anesthesia in
cattle has been associated with decreases in arterial blood pres-
sure and total peripheral resistance, with no changes in stroke
volume, left ventricular stroke work, and left ventricular minute
work. Increases in heart rate and cardiac output are typical.73 In-
creases in cardiac output are believed to be caused by an increase
in heart rate secondary to the decreased vascular resistance.
Respiratory rate; arterial and mixed-venous pH, oxygen, and car-
bon dioxide tensions; oxyhemoglobin saturation; oxygen con-
tent; oxygen transport; and oxygen uptake remain unaltered, in-
dicating that the sympathetic blockade caused by thoracolumbar
epidural injection is well tolerated in nonsedated healthy cattle.73

The advantages of segmental dorsolumbar epidural anesthesia
as compared with proximal and distal paravertebral anesthesia
include the use of a single injection of a small quantity of anes-
thetic and uniform analgesia and relaxation of the skin, muscula-
ture, and parietal peritoneum. The disadvantages include diffi-
culty in performing the technique, potential for trauma to the
spinal cord or venous sinuses, and loss of motor control of the
pelvic limbs; also, there is the potential for a more profound
physiological disturbance owing to overdose or subarachnoid
injection.

Continuous Lumbar Segmental Epidural
Anesthesia
Continuous lumbar epidural anesthesia in cattle can be achieved
by aseptically placing a catheter into the epidural space (Fig.
23.14). A 10.2-cm, 18-gauge thin-walled Tuohy needle with
stylet is inserted into the epidural space at the thoracolumbar
(T13-L1) interspace as previously described. This space is iden-
tified with reference to the last rib (T13) and the cranial edge of
the transverse process of the first lumbar (L1) vertebra.74 A small
quantity of local anesthetic solution (2 to 3 mL) is injected along
the track of the needle. The distance from the skin to the thora-
columbar (T13-L1) epidural space may vary between 8 and 12
cm, depending on size. Injection of 5 mL of air should not en-
counter resistance. If no CSF or blood flows from the needle, 1
mL of a 2% lidocaine hydrochloride solution is injected into the
thoracolumbar epidural space during a 10-s period to avoid pain
caused by impingement of the catheter and stylet at the spinal
cord. After the bevel in the epidural space is directed caudally, a

commercially available 91.8-cm, 20-gauge Teflon epidural
catheter with graduated markings and stylet is introduced into 
the needle and advanced caudally 3 to 5 cm beyond the tip of the
needle. The needle is removed from the catheter while the
catheter is left in position and sutured to the skin at the site of
emergence from the skin.

Injection of approximately 6 mL of a 2% lidocaine hydrochlo-
ride solution or a 5% procaine hydrochloride solution at the an-
terior portion of the lumbar (L1 to L2) area should produce uni-
lateral or bilateral anesthesia extending from spinal cord
segments T12 to L4 of adult cows. Analgesia is achieved 10 to 20
min after completion of the injection and lasts 1 h to 1 h 40
min.74 A more caudal spread of epidural block can be expected
with an injection of local anesthetic more caudal than L2. An
overdose of local anesthetic (>6 mL) to the L2 area or a regular
dose of anesthetic at a more caudal level than L2 should be
avoided to prevent anesthesia of the femoral and sciatic nerves
and thus loss of pelvic limb function.74 The reason for unilateral
analgesia could be attributable to placement of the epidural
catheter at the nerve roots on one side, minimal circumferential
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Fig. 23.14. Paramedian sagittal section of the thoracolumbar area
of an adult cow with needle placement for catheterization of the lum-
bar epidural space (T13, thirteenth thoracic; and L1, first lumbar ver-
tebra). IAL, interarcuate ligament.



dissipation (overflow) of local anesthetic around the dura mater
spinalis, and lateral escape of the local anesthetic from the
epidural space through patent intervertebral foramina.

In comparison to segmental epidural anesthesia, produced by
injection of local anesthetic through a spinal needle, continuous
segmental epidural anesthesia offers the advantages of providing
a route for repeated small fractional maintenance doses of local
anesthetic drug, making the extent of anesthesia more readily
controlled and producing a lower frequency of accidental sub-
arachnoid administration of local anesthetic. The reported disad-
vantages of the catheter technique include higher frequency of
postanesthetic myositis, caused by the larger bore and blunter
needle, higher frequency of unilateral blockade, unpredictability
of whether ipsilateral or contralateral anesthesia develops, and
lack of analgesia after passage of the catheter tip into the paraver-
tebral space.

Thoracolumbar Subarachnoid Anesthesia
In cattle, this is performed by aseptically introducing a catheter
into the subarachnoid space at the lumbosacral (L6-S1) interver-
tebral space and advancing it to the thoracolumbar (T13-L1) in-
tervertebral space (Fig. 23.15).74–77 Although the dorsal sub-
arachnoid space in cattle can be penetrated at the thoracolumbar
(T13-L1) and first lumbar (L1-L2) intervertebral spaces, dura
puncture at these sites is not recommended because of potential
trauma to the spinal cord. Cattle must be well restrained in a
stock to facilitate the catheterization procedure. The skin at the
lumbosacral (L6-S1) intervertebral space and lumbosacral fascia
adjacent to the interspinous (L6-S1) ligaments are injected with
approximately 5 mL of a 2% lidocaine hydrochloride solution,
using a 15-cm, 18-gauge spinal needle. The space is located 1 to
2 cm caudal of a line drawn between the cranial edge of each
tuber sacrale and the dorsal midline.

A larger-bore (17.5-cm, 17-gauge) Huber-point Tuohy needle
with stylet is inserted at the desensitized L6-S1 site and is ad-
vanced along the median plane perpendicular to the spinal cord
until the needle enters the subarachnoid space. The bevel of the
needle is directed cranially, the stylet is removed, and 2 to 3 mL
of CSF is aspirated. Occasionally, it is necessary to make several
minor adjustments before the needle is satisfactorily positioned
into the subarachnoid space. Redirection of the needle is required
if CSF cannot be obtained, and should be accomplished after al-
most complete withdrawal of the needle to prevent bending it.
Upon CSF aspiration, a Formocath polyethylene catheter 80 to
100 cm long with a 0.095-cm outside diameter, reinforced with a
stainless-steel spring guide (0.05-cm outside diameter), is passed
through the needle (Fig. 23.16) and advanced approximately 60
cm to the midthoracic area. Minimal resistance to catheter ad-
vancement and no movement of the patient indicate proper tech-
nique, without kinking and curling of the catheter and no trauma
to the spinal nerve roots within the subarachnoid space. The nee-

Local and Regional Anesthetic Techniques: Ruminants and Swine ● 657

Fig. 23.15. Needle and catheter placement
for thoracolumbar subarachnoid analgesia in
cattle. A: Cranial and left lateral aspect of the
bovine thoracolumbar and sacral vertebrae
and their associated spinal nerves T13 to L3,
with needle tip placed at the lumbosacral in-
tervertebral space. B: Cranial view of a tran-
section of the first sacral vertebra at the loca-
tion of the intervertebral foramen, showing the
relation of the structures inside the spinal
canal: a, articular process; b, interarcuate lig-
ament; c, epidural space with fat and connec-
tive tissue; d, dura mater; e, arachnoid mem-
brane; f, subarachnoid space with cerebral
spinal fluid and needle tip; and g, pia mater.
From Skarda,5 p. 635.

Fig. 23.16. The tip of a 17-gauge Huber-point Tuohy needle with
Formocath polyethylene catheter (0.095-cm outside diameter), rein-
forced with a stainless-steel spring guide (0.05-cm outside diameter).



dle is withdrawn over the catheter; then the spring guide is re-
moved and a catheter adapter or a 23-gauge needle with a three-
way stopcock is attached to the catheter. The catheter is then gen-
tly withdrawn a calculated distance to place its tip at T13-L1.

The catheter must never be withdrawn after advancing it
through the spinal needle because withdrawal may shear off the
catheter within the subarachnoid space.75,78 The following meas-
urements are made to place the catheter tip at the T13-L1 inter-
vertebral space: (a) the total length of the catheter (T), (b) the dis-
tance BC between the skin surface (B) and the subarachnoid
puncture site (C), and (c) the distance CD between the lum-
bosacral (C) and thoracolumbar (D) intervertebral space: (T = AB
+ BC + CD). The length of the free end of the external catheter
and the skin surface (AB) equals the total length of the catheter
minus the distance from entering the skin to the tip of the sub-
arachnoidally placed catheter: AB = T � (BC + CD). The aver-
age distance between the palpable lumbosacral (L6-S1) and tho-
racolumbar (T13-L1) intervertebral spaces was approximately 45
cm in adult cows.75 Proper subarachnoid positioning of the
catheter can be radiographically confirmed if the guidewire is left
in position (Fig. 23.17).

A small dose (1.5 to 2.0 mL) of a 2% lidocaine hydrochloride
solution or a 5% procaine hydrochloride solution is injected at a
rate of approximately 0.5 mL/min. Surgical anesthesia extending
from spinal cord segment T9 to L3 on one or both sides is max-
imal 5 to 10 min after injection and lasts for 20 min to 1 h 20
min.75 The absorption of drug into the systemic circulation deter-
mines the decline of subarachnoid anesthetic concentration and
thus the duration of subarachnoid analgesia. The spinal fluid con-
centration necessary for analgesia is approximately 200-µg pro-
caine/mL in calves and adult cows,65,71 and is easily maintained
by fractional bolus administration of 0.5 mL of the anesthetic at
30-min intervals or as needed. In vitro measurements of the rate
of hydrolysis of procaine in spinal fluid taken from adult cows
did not detect changes in the spinal fluid concentration of pro-
caine after a 2-h incubation (37°C).72

When compared with dorsolumbar epidural analgesia, the ad-
vantages of thoracolumbar subarachnoid analgesia include sim-
plicity of needle and catheter placements, anesthetic deposition at
nerve roots (and thus a minimal dose requirement), minimal phys-
iological disturbance, and small doses for maintenance of analge-
sia. A disadvantage of the catheter technique is the unpredictabil-
ity of whether ipsilateral or contralateral analgesia develops. The
cause for the one-sided block has not been investigated, but could
be attributable to minimal circumferential dissipation (overflow)
of local anesthetic around the pia mater spinalis after placement
of the catheter at the ventral surface of the spinal cord, where it
could be trapped between the trabecula and dorsal longitudinal
ligament. Kinking and curling of the catheter are readily deter-
mined by lack of CSF aspiration and avoidance responses of cat-
tle. Accidental vascular puncture and faulty catheter positioning
make the technique ineffective for producing abdominal analgesia
of the flank region. Thoracolumbar subarachnoid anesthesia is not
readily applicable for field use because it requires special equip-
ment, precise dosage administration and catheter placement, and
maintenance of sterility.

Anesthesia for Obstetric Procedures
and Relief of Rectal Tenesmus
At least four techniques are advocated in ruminants for pain re-
lief and muscle relaxation during obstetric manipulations and
surgical procedures involving the tail, perineum, anus, rectum,
vulva, vagina, prepuce, and skin and scrotum. These techniques
include the caudal epidural, continuous caudal epidural, sacral
paravertebral, and pudendal nerve blocks. Any of these tech-
niques may be used for a number of surgical procedures, such as
suturing tears in the perineum and vulva, reconstruction of the
perineum (Gotze’s operation), retraction of the uterine cervix, re-
duction of prolapsed uterus, ovariectomy, and embryotomy.
These techniques may also be used as adjunctive treatments for
controlling rectal tenesmus associated with irritation of the per-
ineum, anus, rectum, and vagina. Properly performed blocks do
not desensitize femoral and ischial nerves, thereby preserving
pelvic limb function. These techniques are not applicable to pigs.

Caudal Epidural Anesthesia
Because this technique is simple and inexpensive, and requires
no sophisticated equipment, it is routinely used in cows, sheep,
and goats. Needle placement is either at the sacrococcygeal (S5-
Co1) or more commonly at the first coccygeal (Co1-Co2) inter-
space, beyond the termination of the spinal cord and meninges
(Fig. 23.18).79,80 Only the coccygeal nerves, the thin phylum ter-
minale, the vasculature, and epidural fat and connective tissue re-
main in the spinal canal at the site of needle penetration, and
these structures are not easily damaged when using aseptic tech-
nique.80 The location of the Co1-Co2 interspace is easily identi-
fied by elevating and lowering the tail and palpating the depres-
sion and movement between the respective vertebrae. The
Co1-Co2 interspace is larger and more easily penetrated than the
S5-Co1 site. The S5-Co1 interspace may be ossified in older
cows and is not so easily detectable in fat cows.81

The skin over the Co1-Co2 joint space is disinfected and de-
sensitized with small amount (2 to 3 mL) of local anesthetic to
ensure minimal movement during insertion of a 3.75- to 5-cm,
18-gauge needle. The epidural needle is inserted in a median
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Fig. 23.17. Radiograph of the caudal lumbar vertebrae of an adult
Holstein cow (630 kg) with a catheter (C) in the subarachnoid space;
a lateral oblique view.
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plane until it contacts the floor of the vertebral canal while it is
directed either at right angle to the general contour of the croup
or ventrocranially at an angle of approximately 10° to vertically
(Fig. 23.19A). The needle is then withdrawn approximately 0.5
cm from the ligamentous floor or intervertebral disk to place its
tip in the epidural space of the neural canal. Aspiration of a few
drops of the anesthetic from the hub into the needle and minimal
resistance to injection of the anesthetic indicate that the bevel is
placed epidurally.

Production of caudal anesthesia depends on the total dose (vol-
ume � concentration) of the anesthetic administered. When 1
mL of a 2% lidocaine hydrochloride solution per 100 kg of body
weight is injected at a rate of 1 mL/s, the area of anesthesia ex-
tends cranially to the middle of the sacrum and ventrally over the
perineum to the inner aspect of the thigh. Proper techniques
should desensitize the pelvic viscera and genitalia, and paralyze
the tail and abolish abdominal contractions.82 However, locomo-
tor function of the hind legs and uterine motility remain unaf-
fected. Maximal anesthesia may require 10 to 20 min and can be
expected to last 30 min to 21/2 h.

Caudal epidural anesthesia in sheep and goats can be ex-
tremely useful for tail docking in lambs and for intravaginal ob-
stetric procedures.83,84 A 2.5- to 3.75-cm, 18-gauge needle is in-
serted epidurally at Co1-Co2 or S5-Co1 (Fig. 23.20), and no
more than 1 mL of a 2% lidocaine hydrochloride solution per 50
kg of body weight is injected. Careful aseptic precautions simi-
lar to the technique in cattle must be used. Although a 2% lido-
caine hydrochloride solution is now almost universally used, the
addition of 0.125 mL of 1:80,000 epinephrine per milliliter of
anesthetic can suppress the tone and motility of the tail for longer
than 1 h.85

Fig. 23.18. Needle placement for caudal epidural analgesia and
catheterization of the sacral epidural space in cattle. Co1, first coc-
cygeal; and Co2, second coccygeal vertebra. The desensitized sub-
cutaneous area after caudal blockade is stippled: epidural needle
placement (A) and epidural catheter placement (B).

Fig. 23.19. A: A 3.75-cm, 18-gauge needle is placed into the
epidural space at the first coccygeal (Co1-Co2) intervertebral space
of a Jersey cow (460 kg). B: A 15-cm, 20-gauge spinal needle is
placed into the epidural space at the lumbosacral (L6-S1) interverte-
bral space.

Fig. 23.20. Needle placement for caudal epidural analgesia (A and
B) and lumbosacral epidural analgesia (C) in goats: L6, sixth lumbar;
S4, fourth sacral; Co1, first coccygeal; and Co2, second coccygeal
vertebra. A cranial view of a transection of the first sacral vertebra at
the location of the intervertebral foramen is shown in the bottom left
inset: a, interarcuate ligament; b, epidural space; c, subarachnoid
space; and d, spinal cord. The desensitized subcutaneous area after
anterior epidural anesthesia is stippled and often extends to the um-
bilicus of the goat and is shown in the bottom right inset.



Adjusting the pH of a 2% lidocaine hydrochloride solution
from 6.3 to 6.9 by the addition of 1 mL of 8.4% sodium bicar-
bonate solution (1 mEq) to 10 mL of lidocaine has little or no ef-
fect on the time of onset and duration of caudal epidural anesthe-
sia in cattle.86

Caudal Epidural Analgesia with �2-Adrenergic Agonists
�2-Adrenoceptor agonists, such as xylazine, detomidine, medeto-
midine, and clonidine, have been injected into the caudal epidural
space of cattle in an attempt to produce prolonged analgesia (2 to
3 h) of perineal/or flank areas, which is satisfactory for most sur-
gical or obstetric procedures in cattle and llamas.87–109

With the exception of bupivacaine, local anesthetic drugs, such
as procaine, lidocaine, and mepivacaine, when administered into
the epidural space at the first coccygeal (Co1-Co2) or sacrococ-
cygeal (S3-Co1) intervertebral space, provide perineal analgesia
accompanied by muscle paralysis (30 min to 21/2 h) and may
have to be readministered to enable completion of prolonged sur-
gical procedures. In contrast to the effects of local anesthetics,
the �2-adrenoceptor agonists produce analgesia with minimal
proprioception deficits or motor nerve blockade.

Caudal Epidural Xylazine Perineal analgesia lasts significantly
longer (up to 3 h) in cattle after injection of 0.05 mg of xylazine/
kg of body weight, diluted to a 5-mL volume with sterile water
into the epidural space at the Co1-Co2 intervertebral space, than
when lidocaine is injected.88–90,97,102,106 However, side effects,
such as sedation, mild ataxia, bradycardia, hypotension, respira-
tory acidosis, hypoxemia, and ruminal amotility, are routinely ob-
served in conscious standing cattle when xylazine is given epidu-
rally.93,95,98,102 These side effects can be partially reversed by
intravenous administration of tolazoline (0.3 mg/kg), an �2-
adrenoceptor antagonist, while not diminishing the desirable local
(S3 to the coccyx) analgesic effects.94 Nonetheless, care must be
taken to limit the volume of xylazine and its rostral spread to the
femoral and sciatic nerves. Xylazine appears to exhibit some
direct local anesthetic sensory and motor nerve–blocking actions
in addition to its spinal cord �2-adrenoceptor–mediated analgesic
effects.

Xylazine hydrochloride (0.05 mg/kg in 5 mL) diffuses from
the caudal epidural space into the CSF of adult cattle and can
produce a degree of subarachnoid nerve-root anesthesia.90,91

Xylazine is not detectable in bovine plasma, however, making it
doubtful that its presence within the subarachnoid space after
epidural administration is secondary to absorption of xylazine
from the bloodstream.91 Because uterine motility can increase
after epidural xylazine administration, this technique is not rec-
ommended for providing analgesia during obstetric procedures
in pregnant ruminants or fetotomy procedures.89

As might be expected, the degree of analgesia, sedation, and
ataxia is dose dependent with sacrococcygeal epidural xylazine
administration. With increased doses of xylazine (50, 70, 100
µg/kg), perineal analgesia and marked systemic effects (e.g., se-
dation, decreased heart and respiratory rates, and decreased
rumen motility and bloat) have been prolonged. Further increases
of the xylazine dose (120 µg/kg) extend analgesia to the udder

without affecting the flank, along with marked sedation, sternal
decubitus, ptyalism, and ptosis.96,100

Irreversible paralysis in three cows and a near fatal apnea in
one calf after epidural administration of xylazine have been re-
ported.106 Although necropsy of the recumbent cows demon-
strated marked demyelinization of the lumbar spinal cord, it is
not clear whether the preservative in the xylazine, or the drug it-
self, produced the demyelinization. Further studies are needed to
determine whether analgesia induced by epidurally or subarach-
noidally administered xylazine may, in part, be due to demyelin-
ization of the spinal cord.

Caudal Epidural Xylazine and Lidocaine By reducing the dose
of xylazine to 0.03 mg/kg of body weight and adding a 2% lido-
caine hydrochloride solution to a total volume of 5 mL, a more
useful epidural anesthetic action may be achieved when perform-
ing procedures such as rumenotomy, cesarean section, correction
of vaginal or uterine prolapse, repairs of perineal lacerations and
rectovestibular fistulae, and removal of vaginal tumors.97 The
xylazine-lidocaine combination extends analgesia as far cranially
as the T13 and L1 spinal segments, thereby covering the tail, per-
ineum, udder, and flank areas. Surgical analgesia is attained in 3
to 4 min after drug administration and lasts for about 1 h 40 min,
with a moderate degree of ataxia.97 Although the combination of
xylazine and lidocaine typically produces sedation and mild
ataxia, the analgesia lasts longer than that achieved with either
xylazine or lidocaine alone.103

Caudal epidural anesthesia has also been used in llamas on oc-
casion. Either 2% lidocaine (0.22 mg/kg), 10% xylazine (0.17
mg/kg) diluted with 2 mL of sterile water, or the combination of
2% lidocaine (0.22 mg/kg) and 10% xylazine (0.17 mg/kg) have
been injected into the epidural space at the sacrococcygeal (S5-
Co1) junction.104,105 Duration of analgesia is extended with the
combination of xylazine and lidocaine to nearly 31/2 h compared
with just over 1 h with lidocaine alone. Mild sedation is often ap-
parent 20 min after epidural xylazine administration, and at this
dose lasts approximately 30 min.105

Caudal Epidural Detomidine Both the epidural administration
and the intramuscular administration of detomidine (40 µg/kg) in
cattle appear to induce comparable degrees of analgesia of the
perineum and flank, moderate sedation and ataxia, hypertension,
cardiopulmonary depression, and ruminal hypermotility.107

Consequently, the epidural administration of detomidine does not
appear to be more or less advantageous or disadvantageous than
intramuscular administration.

Caudal Epidural Medetomidine The analgesic, cardiovascular,
and respiratory effects of epidural medetomidine (15 µg/kg di-
luted in 5 mL of 0.9% NaCl) injection at the first or second coc-
cygeal intervertebral space in adult cattle has been evaluated.108

Medetomidine induced perineal analgesia within 5 to 10 min,
which lasted nearly 7 h, but was accompanied by mild to moder-
ate sedation. The degree of medetomidine-induced analgesia was
more pronounced and the duration longer than that achieved with
a standard epidural dose of lidocaine. Two of six cows became
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recumbent, but were easily coaxed to stand. Salivation was evi-
dent, as was the increased frequency of urination after medetomi-
dine. Heart and respiratory rates were decreased, but arterial
blood pressure remained unchanged.108

Caudal Epidural Clonidine Epidural clonidine administration
can produce profound antinociception in people, cattle, sheep,
goats, pigs, and horses without the sensory or motor blockade of
local anesthetics.109–119 Although epidurally and intrathecally
administered clonidine has been successfully employed as an
analgesic in human patients for treatment of acute postoperative
pain and in patients tolerant to intrathecally administered opiates,
its use has been somewhat limited because of its short-acting
analgesic effect and accompanying sedation, hypotension, brady-
cardia, and respiratory depression.120,121

Caudal Epidural Ketamine
Ketamine alone has been administered into the epidural space at
the first intercoccygeal (Co1-Co2) space of cattle. It induces
dose-dependent depression (0.5, 1.0, and 2.0 mg/kg) of pain
stimulus in the tail, vulva, anus, and perineum, but not in the
hind-limb area, and produces minimal sedation, ataxia, cardio-
pulmonary effects, and changes in rumen function.122,123 The
0.5-mg/kg dose produced lack of response to stimulation of the
tail only, whereas 1 mg/kg produced variable analgesia, lasting
55 min in the tail and 15 min in the anus and perineum, but hav-
ing no effect in the vulva. The 2-mg/kg dose of ketamine pro-
duced analgesia in all regions tested, lasting 1 h 15 min in the
anus and perineum, 1 h 20 min in the vulva, and up to 1 h 40 min
in the tail, but this dose was accompanied by moderate sedation
and ataxia in two cows. At these doses, ketamine did not induce
any analgesia in the hind limbs.122

In a similar study, cattle were injected with 5, 10, and 20 mL
of 5% ketamine at the first intercoccygeal (Co1-Co2) space.123

Dose-dependent analgesia without sedation was observed at the
tail and perineum 5 min after all three doses. Analgesia lasted
from 20 min (low dose) to 1 h (high dose). Moderate ataxia was
observed with the 20-mL dose of ketamine. One cow became re-
cumbent after a 20-mL ketamine dose administration. Respira-
tory rate, mean arterial blood pressure, rumen motility, and rec-
tal temperature were not affected.123

Continuous Caudal Epidural Anesthesia
This is indicated in cattle and sheep with prolapse of the vagina
and/or rectum, which can provoke severe continuous straining.
The technique in cattle is simply performed by inserting a fine
catheter into the epidural space at S5-Co1 or Co1-Co2 through a
7.5-cm, 16- or 17-gauge needle, which is either a thin-walled
Huber-point directional needle or a Hustead needle.124,125 The
skin and the needle track are desensitized. After a stab incision
on the midline is made to minimize resistance to the passage of
the somewhat blunt needle, the spinal needle with stylet in place
and bevel directed cranially is advanced for 5 to 8 cm while being
directed at approximately 45° to vertical until resistance to nee-
dle passage is abruptly reduced. The stylet from the needle is re-
moved, and a test dose of 2 to 3 mL of anesthetic is injected with

almost no resistance, assuring proper placement of the needle in
the epidural space.

A 30-cm medical-grade vinyl epidural catheter (0.036-cm out-
side diameter) with gradual markings is introduced into the canal
through the needle and advanced cranially 3 to 4 cm beyond the
tip of the needle (Fig. 23.18B). The needle is then withdrawn,
leaving the catheter in position. Approximately 3 to 5 mL of a 2%
lidocaine hydrochloride solution is injected into the catheter at 4-
to 6-h intervals or whenever the animal shows signs of straining.
The catheter adapter or 23-gauge needle and three-way stopcock
are placed on the free end of the catheter. The catheter can be
used for many hours of infusion if it is sutured to the skin punc-
ture site with adhesive tape. The sterility of the free end of the
catheter is maintained by using protective sterile gauze (Fig.
23.21).

Alcohol epidural injection can be used for long-term de-
myelinization of nerve roots in sheep and goats. First, only 0.5 to
1.0 mL of a 2% lidocaine hydrochloride solution per 50 kg of
body weight is injected epidurally at Co1-Co2 or S5-Co1, and
the extent of caudal analgesia is noted to ensure that the level of
rostral spread does not extend to the sciatic or femoral nerve
roots. After full sensation has returned, a mixture of equal vol-
umes of 70% to 95% ethyl or isopropyl alcohol and a 2% lido-
caine hydrochloride solution is injected at the same site, using a
similar volume and injection rate as the previous injection.

Analgesia of the pelvic and perineal area and paralysis of the
tail should result and last from a few days to several months, de-
pending on the time required for remyelinization of the
nerves.126 The alcohol technique is not practical in cattle because
the prolonged flaccidity of the tail may lead to buildup of manure
and urine in the perineal area, with subsequent dermal excoria-
tion and maggot infestation during fly season. The problems of
alcohol epidural anesthesia in sheep and goats with docked tails
are similar to, but less serious than, those in cattle. The chronic
flaccid tail may possibly become inflamed, necrotic, and puru-
lent, leading to a fly strike in the rectal area. Prolonged rear-limb
paralysis from the demyelinization of sciatic and femoral nerve
roots can result from overdosing on alcohol epidural anesthetic.
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Fig. 23.21. An epidural catheter with adapter in a calf with rectal
prolapse.



Sacral Paravertebral Anesthesia
Sacral paravertebral injection is advocated to relieve rectal tenes-
mus associated with rectal prolapse without sciatic nerve dys-
function.127,128 This technique is associated with minimal risk of
the animal’s lying down and maintenance of motor function of
the tail. Success of the technique depends on blockade of the
pelvic splanchnic nerve (medial hemorrhoidal nerve) and caudal
rectal nerve (caudal hemorrhoidal nerve), which supply sensory
fibers to the anus, vulva, and vagina. The third, fourth, and fifth
sacral spinal nerves (S3, S4, and S5) are major components of the
pelvic splanchnic and caudal rectal nerves and are desensitized at
the emergence from the sacrum on both sides of the spine in cat-
tle and sheep. In males, S3 supplies motor fibers to the retractor
penis muscle and, in order to prevent preputial prolapse, must not
be desensitized. With the animal in standing restraint and good
control of anterior, posterior, and lateral movement, the skin of
the dorsal sacral area is cleansed and disinfected. Hair removal is
optional. The general anatomical site of sacral foramina S3, S4,
and S5 is identified approximately 1.0 to 1.5 cm from the dorsal
midline of the vertebral crest or usually just lateral to the border
of the crest.

Nerve S5 is at the sacrococcygeal (S5-Co1) junction. Nerves
S4 and S3 exit from the S4 and S3 foramina, 3 and 6 cm cranial
to the S5 foramen in yearling-to-adult cattle. A 5- to 7.5-cm, 16-
or 18-gauge needle, preferably with stylet, is inserted ventrally to
a depth just beyond where it enters the foramen (Fig. 23.22). A
stab incision through the desensitized skin facilitates the inser-
tion of the needle. A 2% lidocaine hydrochloride solution (5 to
10 mL) is injected into a 1-cm-diameter area within each dorsal
foramen to desensitize both the dorsal and ventral rami of that
nerve. Anesthesia of the anus, vulva, and vagina can be expected
within 10 min after completion of injection and typically lasts for
approximately 2 h. No unfavorable sequelae associated with uri-
nation and defecation should occur, because urinary bladder
sphincter tone and motor function of the tail are maintained, al-
though the motor function of the anal sphincter is slightly re-
duced. Sensation to the clitoris is unaffected.

Long-term anesthesia (up to 5 weeks) of the sacral area, as de-
termined by observing no avoidance responses to deep needle
prick to skin and muscle, may be produced by the administration
of 1 to 2 mL of 70% to 95% ethyl or isopropyl alcohol to S3, S4,
and S5, without the unfavorable sequelae associated with alcohol
epidural anesthesia.127,128 Caudal epidural analgesia with a 2%
lidocaine hydrochloride solution greatly facilitates the subse-
quent alcohol paravertebral technique.

Bilateral sacral (S3, S4, and S5) paravertebral analgesia can be
produced in sheep and goats similarly to that in cattle by using a
7.5-cm, 18-gauge needle, except that the volume of lidocaine, al-
cohol, and alcohol-anesthetic mixture is reduced to 1 to 2 mL per
injection site.

The advantage of sacral paravertebral anesthesia when com-
pared with epidural anesthesia is relief of straining without sci-
atic nerve dysfunction, thereby maintaining pelvic limb function
and viability of the tail. The disadvantages are technical diffi-
culty and paraphimosis in bulls if S3 is chronically desensitized
with alcohol.

Desensitization of the Internal Pudendal
(Pudic) Nerves
This technique is used either in standing males for penile analge-
sia and relaxation distal to the sigmoid flexure and examination
of prolapsed penis129,130 or in standing females for relief of
straining caused by uterine prolapse or chronic vaginal pro-
lapse.131,132 The internal pudendal nerve block is useful in the
surgical management of a number of surgical procedures, includ-
ing repair of uterovaginal prolapse; cervicovaginopexy; anorectal
prolapse (rectopexy); ablation of anorectal, perianal, and intra-
anal tumors, polyps, and abscesses; and catheterization for dis-
lodging urethral calculi.131 The technique involves desensitizing
the internal pudendal nerve fibers of the ventral branches (S3 and
S4) and the anastomotic branch of the middle hemorrhoidal
nerve (S3 and S4), using an ischiorectal fossa approach. With
cattle restrained in a standing position, the lesser sciatic foramen
is identified by rectal palpation as a soft circumscribed depres-
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Fig. 23.22. Needle placement for sacral
paravertebral analgesia in cattle. Third (A),
fourth (B), and fifth (C) sacral foramen. From
Skarda,5 p. 640.



sion in the sacrosciatic ligament. The foramen is less than a
hand’s breadth (5 cm) cranial to the anus. The pulsation of the in-
ternal pudendal artery can be felt a finger’s width ventral to the
internal pudendal nerve in the fossa.

The skin over the ischiorectal fossa on both sides is disinfec-
ted and desensitized with 2 to 3 mL of a 2% lidocaine hydrochlo-
ride solution. A 1.25-cm, 14-gauge needle to serve as a cannula
for an 8.25-cm, 18-gauge spinal needle is inserted through the
desensitized skin. The longer needle is then inserted via cannula
for a distance of approximately 5 to 7 cm slightly downward until
it contacts the internal pudendal nerve at the deepest point of the
ischiorectal fossa (Fig. 23.23). The position of the needle point is
verified by rectal digital palpation. Up to 25 mL of the local anes-
thetic solution (2% or 3% lidocaine hydrochloride) is injected
around the nerve. The needle is then partially withdrawn and di-
rected 2 to 3 cm more caudodorsally, where an additional 10 mL
of the anesthetic is deposited at the cranial border of the foramen
to desensitize the muscular branches and caudal rectal nerve
(middle hemorrhoidal nerve).129,133 The position of the hands is
reversed, and the procedure is repeated on the opposite side of
the pelvis. Pudendal nerve block is effective after 30 min and
should last for 2 to 4 h. The addition of hyaluronidase (150 IU)
and epinephrine (1:10,000) to the local anesthetic reduces the
anesthetic required (20 mL) and increases the duration of anes-
thesia.134 Success with the pudendal nerve block depends on lo-
cating pelvic landmarks.

A relatively simple technique for approaching the internal pu-
dendal nerve in sheep from the lateral side has been described.135

A finger is placed into the rectum to locate the slitlike sciatic
foramen. A 3.75-cm, 18-gauge needle is then inserted through
the corresponding skin site, and its point is advanced to the fora-
men. A 2% lidocaine hydrochloride solution (3 to 5 mL) is de-

posited at the foramen. The needle is withdrawn, and the injec-
tion site is massaged. The procedure is repeated on the opposite
side while keeping the finger in the rectum.

When compared with caudal epidural anesthesia, the advan-
tages of internal pudendal nerve desensitization are that sciatic
nerve function and tail tone are maintained and that the volume
of local anesthetic needed to desensitize the nerve supply to the
penis by the epidural technique invariably causes posterior paral-
ysis. Ballooning of the vagina may also aid in retention after it is
repositioned in cows with prolapse.131 The disadvantages of in-
ternal pudendal nerve block are lack of cervical analgesia and the
necessity of identifying the injection sites by rectal palpation.
The bull’s penis should be protected from injury by replacing it
into the prepuce and taping or purse stringing the external pre-
putial orifice.

Desensitization of the Dorsal Nerve of the
Penis
The dorsal nerve of the penis as it passes over the ischial arch may
be desensitized for penile anesthesia and relaxation as an alterna-
tive technique to the internal pudendal nerve block.136 The skin
adjacent to the penile body approximately 10 cm ventral to the
anus and 2.5 cm from the midline is infiltrated with 2 to 3 mL of
a 2% lidocaine hydrochloride solution, using a fine needle (22 to
25 gauge). A 4-cm, 20-gauge needle is then inserted through the
desensitized skin and advanced for 5 to 7 cm to contact the pelvic
floor. Aspiration assures that the needle tip is not placed into the
dorsal artery of the penis. While the needle is withdrawn for ap-
proximately 1 cm, the region is infiltrated with 20 to 30 mL of a
2% lidocaine hydrochloride solution. The procedure is repeated
on the opposite side of the penis. Analgesia and paralysis of the
penis are expected within 20 min and should last for 1 to 2 h.
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Fig. 23.23. Needle placement to the inter-
nal pudendal nerve in cattle. The position of
the hand palpating the internal pudendal
nerve (A) on the right side is shown. Caudal
rectal nerve (B), internal pudendal artery (C),
sacrosciatic ligament (D), and sciatic nerve
(E). From Skarda,5 p. 641.



Anterior Epidural Anesthesia
Introduction
Anterior epidural anesthesia is advocated for all procedures cau-
dal to the diaphragm. The anesthetic solution, dosed at 1 mL/4.5
kg of body weight, is injected into the epidural space either at the
lumbosacral (L6-S1) junction (lumbosacral epidural anesthesia)
or at the sacrococcygeal (S5-Co1) or first intercoccygeal (Co1-
Co2) space, using a larger volume of the anesthetic ranging from
40 mL to 150 mL in adult cattle and 5 mL to 25 mL in calves
(high caudal epidural anesthesia). The site for needle placement
at the lumbosacral site in lighter, immature cattle, sheep, and
goats is usually palpable as a depression on the midline caudal to
a line joining the anterior border of the ilium on each side (Fig.
23.20C), so injection is made at this site. The lumbosacral space
in swine is the only practical injection site for inducing epidural
anesthesia, making lumbosacral epidural block the most com-
monly used form of regional analgesia in swine. The sacrococ-
cygeal or first intercoccygeal space is the injection site of choice
in adult cattle and bulls for producing anterior block because the
technique is relatively simple and trauma to the spinal cord and
meninges are avoided. These structures end cranial to the site of
injection, and the risk of injecting the local anesthetic into the
subarachnoid space is almost nonexistent.

Proper techniques by either the lumbosacral or coccygeal ap-
proach should provide analgesia of the perineal region, the entire
inguinal region, the flanks, and the abdominal wall up to the um-
bilicus. Cranial spread of the anesthetic affects the pelvic limb
function by desensitizing the sixth lumbar (L6) and first and sec-
ond sacral (S1 and S2) spinal nerves (sciatic supply), the fifth and
sixth lumbar (L5 and L6) spinal nerves (obturator and femoral
supply), and more cranial nerves. Depending on the degree in-
volved, the dysfunction of hind limbs ranges from mild ataxia to
complete posterior paralysis. Injury (e.g., hip dislocation) during
onset (ataxia) or recovery must be avoided and can be prevented
if the animals are restrained in sternal recumbency with their
hind legs roped together proximal to the tarsus until recovery is
complete, as determined by normal tail function. A major diffi-
culty in producing anterior epidural anesthesia is the uncertainty
of the precise extent of paralysis produced. Many factors have
been shown to affect the cranial spread of the anesthetic within
the epidural space. The major determinants are the size and age
of the animal, the presence and size of abdominal mass (preg-
nancy), and other variables that can be controlled by the anes-
thetist, namely, positioning the patient, choosing the site of
epidural puncture, orientation of the needle bevel, determining
the volume and concentration of the anesthetic solution, and
speed of injection.65

Increasing the dose (volume � concentration) increases the
area desensitized. In general, the cranial extent of sensory block-
ade associated with epidural administration of lidocaine or
mepivacaine in calves, goats, and juvenile pigs is not as far cra-
nial as the dye-solution migration observed immediately after
euthanasia.137,138

As stated previously, with the use of local anesthetic drugs, in-
creasing the volume will improve segmental spread, whereas in-

creasing the concentration will provide a more rapid onset of
analgesia and motor nerve inhibition, greater frequency of ade-
quate anesthesia, greater intensity of motor blockade, and a
longer duration of effects.65 A greater area of epidural anesthesia
may be achieved by a relatively fast injection. However, the ad-
vantage of a large segmental area of anesthesia is offset by the
higher frequency of patient discomfort upon injection because of
transient elevation of CSF pressure and a relatively fast vascular
and lymphatic absorption of the anesthetic, thereby reducing the
duration and increasing the occurrence of incomplete block.
Gravity has a more definite role in the spread of subarachnoid
anesthesia than it does in epidural anesthesia; however, with both
techniques, a more rapid onset to maximal segmental analgesia,
a longer effect, and a more intensive motor nerve inhibition are
achieved on the dependent side. Gravity also allows for unilateral
anesthesia in sheep and goats owing to preferential escape of the
anesthetic solution toward the paravertebral region. The cephalic
spread of anesthesia after epidural or subarachnoid injection of
specifically prepared hyperbaric solutions is limited in animals
kept in a sitting position. Pregnant animals generally require a re-
duced dose per kilogram of body weight of the local anesthetic
for satisfactory epidural and subarachnoid anesthesia. This may
be attributable to decreased volume of the epidural space caused
by distension of epidural veins (engorgement), increased sensi-
tivity of neural tissue owing to hormonal changes, and a faulty
overestimation of the lean body mass.

Migration of the anesthetic is enhanced by transmission of
intra-abdominal pressure (pregnancy) and respiratory-induced
intrathoracic pressure. Elderly cattle (over 8 years) with progres-
sively occluded intervertebral foramina may require a smaller
volume of the anesthetic than younger cattle with open interver-
tebral foramina.65

Lumbosacral Epidural Anesthesia in Swine
The technique of epidural block is relatively easy to master in
well-sedated pigs and is most commonly employed to facilitate
cesarean section; repair of rectal, uterine, or vaginal prolapse;
repair of umbilical, inguinal, or scrotal hernias; surgery of scir-
rhous cord; and surgery of the prepuce, penis, or rear limbs.139–155

Epidural anesthesia, however, is contraindicated in pigs with
known cardiovascular disease, bleeding disorders, and shock or
toxemic syndromes, because of sympathetic blockade and conse-
quent depression of blood pressure.145,149 The use of sedatives
that produce ataxia, partial recumbency, and hypotension should
be avoided. Use of a weighing crate, chute, or hog snare is gener-
ally necessary to restrain a pig properly. Chemical restraint is re-
quired in some instances. A small pig is restrained on its breast or
side, whereas a large sow or boar is preferably injected while it is
still standing.

The site for the needle placement is on the midline immedi-
ately caudal to the spinous process of the last lumbar (L6) verte-
bra (Fig. 23.24). The injection site is felt as a palpable depression
a distance caudal to the transverse line between the cranial
prominences of the wing of the ilium (iliac crest) on either side,
0.5 to 1.5 cm in pigs weighing 10 to 50 kg and 1.5 to 2.5 cm in
pigs weighing 50 kg or more. In large pigs in which the iliac
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wings are not palpable, a vertical line through the patella may be
used as a guide to locate the lumbosacral space 2 to 3 cm caudal
to the vertical line.142,145,146,150 The tissues over the space are
thoroughly cleansed, disinfected, and infiltrated with 3 to 5 mL
of a 2% lidocaine hydrochloride solution.

A 14-gauge needle can be used to support and guide the spinal
needle. The appropriate spinal needles used vary between 6 to 8
cm, 20 gauge for pigs weighing 10 to 20 kg and 10 to 16 cm, 18
gauge for pigs weighing over 100 kg. The needle, preferentially
with stylet and the bevel directed cranially, is inserted at the lum-
bosacral space by using an angle of approximately 20° caudal to
the vertical. Penetration depends on the size and condition of the
pig, and may be up to 2 to 4 cm in pigs weighing between 10 and
20 kg and 4 to 10 cm in pigs weighing between 20 and 100 kg.
For heavy boars and sows, a 10- to 15-cm spinal needle should
be selected. The needle passes through a definite area of resis-
tance as it encounters the interarcuate ligament. Penetration of
the ligament by the needle tip is often felt as a slight pop and is
associated with sudden movements by the animal indicating en-
trance into the vertebral canal. The lumbosacral aperture in pigs
is relatively large (1.5 � 2.5 cm) and allows for some margin of
error. The subarachnoid space containing CSF is comparatively
small at the lumbosacral-intervertebral space and is not easily
penetrated at that site. The spinal cord ends anterior to the sixth
lumbar (L6) vertebrae and is unlikely to be traumatized by the
needle.

The dose of anesthetic is calculated by either weight or length
of the pig. Anesthesia caudal to the umbilicus can be expected

after injecting 1 mL of a 2% lidocaine hydrochloride solution per
4.5 kg of body weight at a rate of approximately 1 mL/2 to 3 s.53

Anesthesia should occur within 10 min, and recovery should be
complete at the end of the second hour. Similar results have been
achieved by using a smaller dose, such as 1 mL per 7.5 kg for
pigs weighing up to 50 kg and an additional 1 mL for every 10-
kg increase in weight.139,140 Good results have been obtained for
laparotomy of pregnant sows by using a 2% lidocaine hydrochlo-
ride solution with epinephrine (5 to 12.5 µg/mL) and calculating
the dosage as 1 mL for the first 40 cm of back length as meas-
ured from the base of the tail to the occipital protuberance, and
an additional 1.5 mL of 2% lidocaine for each additional 10
cm.141,148 Regardless of the weight or length, the dose should be
adjusted to the pig’s condition and the surgical procedure (Fig.
23.25). A maximum dose of 20 mL of 2% lidocaine is suggested
as the upper limit: 4 mL/100 kg, 6 mL/200 kg, and 8 mL/300 kg
of body weight for standing castrations; and 10 mL/100 kg, 15
mL/200 kg, and 20 mL/300 kg of body weight for cesarean
sections.139

The sedative, analgesic, and immobilizing effects of xylazine
and detomidine, when injected into the lumbosacral (L6-S1)
epidural space of pigs, were evaluated and compared during a 2-h
test period.151 Epidural xylazine (2 mg/kg in 5 mL 0.9% NaCl
solution) induces immobilization and bilateral analgesia extending
from the anus to the umbilicus within 5 min after completion of
injection and persists for at least 2 h. Epidural detomidine (500
µg/kg in 5 mL 0.9% NaCl solution) induces sedation and lateral
recumbency, but minimal analgesia caudal to the umbilicus,
within 10 min after completion of injection. Atipamezole (200
µg/kg IV) immediately reverses xylazine-induced and detomidine-
induced sedation, whereas xylazine-induced analgesia and hind-
limb immobilization are not antagonized by atipamezole.

In large sows undergoing elective cesarean sections, 1 mg/kg
of 10% xylazine in 10 mL of 2% lidocaine injected at the lum-
bosacral space induces excellent analgesia extending from the
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Fig. 23.24. Needle placement for anterior lumbosacral epidural
anesthesia in pigs: L6, sixth lumbar vertebra; S1, first sacral vertebra;
a, interarcuate ligament; b, epidural space; c, subarachnoid space;
and d, spinal cord. The desensitized subcutaneous area after epidural
anesthesia is stippled.

Fig. 23.25. Restraint of a 3-year-old Yorkshire hog, weighing 325
kg, in lateral recumbency. Anesthesia and relaxation distal to the
midthoracic region developed after injection of 20 mL of a 2% lido-
caine hydrochloride solution into the epidural space at the lum-
bosacral intervertebral space. From Skarda,5 p. 645.



anus to the umbilicus and produces rear-limb paralysis, as evi-
denced by a “sitting dog” posture, 5 to 8 min after completion of
injection.152 The intravenous administration of 0.003 mL/kg of a
Telazol (tiletamine-zolazepam) mixture (50 mg/mL of tiletamine
and zolazepam each) with ketamine (50 mg/mL) and xylazine
(50 mg/mL) immobilizes the forequarters. This mixture safely
immobilizes sows. Palpebral and corneal reflexes are maintained
with only minimal changes in heart rate, respiratory rate, and
mean arterial blood pressure. The rear limbs may be affected for
as long as 7 to 8 h after epidural injection with the xylazine-
lidocaine mixture. Sows are usually able to walk normally 12 h
after surgery. Piglets appeared healthy, without signs of sedation
or tranquilization.152

Epidural anesthesia can be used with general anesthesia to re-
duce the injectable or inhalation anesthetic requirements. The
cardiopulmonary and analgesic effects of epidurally adminis-
tered lidocaine (5 mg/kg of body weight), alfentanil (5 µg/kg),
and xylazine (0.2 mg/kg) in pigs anesthetized with 1% to 1.2%
end-tidal isoflurane anesthesia have been compared.153–155

Lidocaine provides 45 min to 1 h of analgesia and is associated
with decreases in heart rate, respiratory rate, systolic arterial
blood pressure, tidal volume, minute volume, core temperature,
pHa, arterial oxygen partial pressure, and total carbon dioxide,
and increases in pulmonary capillary wedge pressure, arterial
carbon dioxide partial pressure, and bicarbonate-ion concentra-
tion. Epidural alfentanil has no analgesic effect. Epidural xy-
lazine provided 11/2 h of analgesia and decreased core tempera-
ture and tidal volume, offering the most desirable actions in
isoflurane-anesthetized pigs.155

Studies on the effects of epidurally and intrathecally adminis-
tered drugs on blood flow of the spinal cord have been suggested
as a part of their toxicological assessment.156 To investigate the
effect of epidural administration of incremental doses of cloni-
dine (3, 10, and 30 µg/kg, each dose given in a volume of 5 mL)
via a lumbar epidural catheter, on regional and central blood flow
and hemodynamics, 11 anesthetized pigs, weighing 20 to 23 kg,
were studied.118 Lumbar epidural clonidine (3 µg/kg, a dose of
clinical interest) did not affect regional blood flow to the spinal
cord, brain, and cerebellum. Higher doses (10 and 30 µg/kg) of
epidural clonidine produced local vasoconstriction, with a reduc-
tion in flow of 25% to 35% in the lumbar and thoracic spinal
cord, 61% in the adrenal gland, and 78% in skeletal muscles.

Further interest in pain management is likely to encourage the
development of new epidural techniques, emphasizing reduced
frequency of injections and localized absorption of drug mole-
cules at the injection site. For example, the effect of 4 mL of
poloxamer gel (25%) containing 2% lidocaine hydrochloride or
2% ibuprofen sodium on the duration of analgesia after lumbar
(L4 to L6) epidural administration via a catheter has been evalu-
ated.157 The gel solutions are highly viscous at room tempera-
ture, but liquid at refrigeration temperature, enabling injection of
a cold-fluid solution that forms a gel in situ at a physiological
temperature. In this study, antinociceptive response as assessed
by observing the motor function and the nociceptive reflex–with-
drawal response to painful pressure stimulation on the feet lasted
1 h longer and was more effective over time in comparison with

routine epidural lidocaine injection. With the lidocaine gel,
motor blockade in hind limbs lasted 11/2 h longer than with nor-
mal lidocaine solution. Epidurally administered ibuprofen in gel
or solution prolonged analgesia, almost by 100%, when com-
pared with ibuprofen administered IV. Analgesia was, however,
not prolonged after ibuprofen epidural gel injection when com-
pared with the epidural solution. The gel formulation apparently
prolonged the systemic absorption of lidocaine and ibuprofen
and increased the epidural availability of lidocaine, but not
ibuprofen, for epidural analgesia. Only minor inflammatory
changes in tissues of the epidural space were observed after
epidural poloxamer gel injection in pigs.157

Epidural anesthesia is a good choice in swine, with low mor-
bidity and mortality, minimal CNS depression, and rapid recov-
ery being its advantages. A rapid recovery is important for sows
on a farm if they are to nurse pigs or are to be sold for slaughter
before other complications develop. A rapid recovery also en-
ables pathogen-free sows to leave the clinic as soon as the piglets
do.158 Epidural anesthesia can also be used with general anesthe-
sia to reduce inhalant or injectable anesthetic requirements.144

Lumbosacral epidural anesthesia that extends anterior to the
last rib is generally safe in pigs, although complications may
arise from overdose. These include cardiovascular and respira-
tory collapse, transient loss of consciousness, tremors, convul-
sions, vomiting, and meningitis associated with septic technique.

Anterior Epidural and Subarachnoid
Anesthesia in Small Ruminants
Anterior analgesia produced by epidural and subarachnoid spinal
nerve blocks provides excellent surgical conditions for cesarean
section; intra-abdominal, pelvic, or hind-limb surgery; and udder
surgery in small ruminants. The technique may be accomplished
by injecting local anesthetic into either the epidural or the sub-
arachnoid space at the lumbosacral intervertebral space.159–164

With full aseptic precautions, in adult sheep and goats, a 6- to
7-cm, 20-gauge spinal needle with a fitted stylet is inserted on the
midline halfway between the last lumbar (L6) and first sacral
(S1) vertebrae at approximately 90° to the skin (Fig. 23.20C).
The site for needle placement is usually palpable as a depression
on the midline just caudal to a line joining the anterior border of
the ilium on each side. Penetration of the interarcuate ligament is
often associated with a sudden movement of the animal owing to
pain or the lack of resistance either to further needle passage or
to the injection of 5 mL of air, indicating that the vertebral space
has been entered.

First, an attempt is made to aspirate CSF into a syringe. If CSF
is not withdrawn, it can be assumed that the dura has not been
punctured, and epidural injection is made with 1 mL of a 2% li-
docaine hydrochloride solution per 4.5 kg of body weight.
Posterior paralysis and anterior analgesia extending a fourth of
the distance from the pubis to the umbilicus can be expected
within 2 to 10 min and last as long as 2 h. The dose of lidocaine
recommended for epidural anesthesia in the sheep may vary from
a low of 8 to 15 mL of 1.5% lidocaine hydrochloride solution
with 1:100,000 epinephrine, depending on the size of the
sheep,53 to 1 mL of 2% solution per 5 kg.164
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Anterior Epidural Anesthesia in Small Ruminants
Sedation with xylazine (0.1 mg/kg IM) followed 5 min later by
lumbosacral analgesia induced by administration of 2% lidocaine
(0.18 to 0.24 mg/kg) and xylazine (0.05 mg/kg) into the lum-
bosacral epidural space for umbilical surgery in dairy calves has
been investigated.161

Supplemental local infiltration of lidocaine cranial to the um-
bilicus was required in five of six calves in dorsal recumbence to
provide adequate analgesia. Calves maintained adequate cardiac
output, stroke volume, and oxygen delivery, but were hypoten-
sive throughout the surgery and after placement into sternal re-
cumbency. Reversal of xylazine-induced sedation with tolazoline
(1 mg/kg IV) caused transient (30 s) sinus bradycardia and sinus
arrest for up to 6 s and second-degree atrioventricular block
(Mobitz type 1), accompanied by severe systemic arterial hy-
potension (20 to 30 mm Hg). The anesthetic protocol may be
useful when respiratory compromise or costs are concerns, and
the surgical procedure can be completed in less than 1 h. Caution
should be exercised when tolazoline (an �1-antagonist and �2-
antagonist) is administered IV to reverse xylazine-induced seda-
tion in neonatal calves, because profound hypotension may
occur.

Xylazine and detomidine are �2-adrenoceptor agonists com-
monly used in small ruminants. When the analgesic effects of
epidurally and IM administered xylazine (0.3 mg/kg) or detomi-
dine (20 µg/kg) in healthy sheep (1 to 3 years old) were com-
pared, the epidural administration of either drug produced a
greater degree of analgesia in the tail, perineum, hind limbs, and
flank region than did similar doses of xylazine or detomidine ad-
ministered IM.165 Analgesia was observed within 2 min of each
drug administration, with no difference in onset time of analge-
sia. Epidural xylazine produced complete analgesia of the tail,
perineum, hind limbs, flank, thoracic wall, and forelimbs,
whereas epidural detomidine produced only mild to moderate
analgesia of these regions. Analgesia lasted longer after epidural
xylazine (11/2 h) than after intramuscular xylazine (30 min), in-
tramuscular detomidine (30 min), or epidural detomidine (30
min). Sedation was evident, and all sheep became recumbent
after the epidural injection of xylazine. Ataxia developed after
the intramuscular administration of either drug, but was more
pronounced after epidural administration. Changes in pulse and
respiratory rates, rectal temperature, ruminal motility, and hema-
tologic and biochemical parameters were transient. In a similar
study, the cardiovascular and respiratory effects of epidural ver-
sus intravenous xylazine (0.2 mg/kg) in sheep were compared.166

No changes were observed in heart rate, arterial blood pressure,
cardiac output, pHa, arterial carbon dioxide partial pressure, and
arterial and mixed-venous oxygen content after epidural xylazine
administration, whereas the intravenous route of xylazine pro-
duced significant decreases in mean and diastolic arterial blood
pressure, arterial oxygen partial pressure, and oxygen saturation.

Analgesic effects have been assessed after the lumbosacral
(L6-S1) epidural administration of xylazine (2%, 0.4 mg/kg, di-
luted with 0.9% NaCl) in rams. Analgesia was evident in the hind
limb and perineum in 2 to 3 min and provided analgesia up to the
midthoracic (T5 to T6) vertebrae 10 min after drug administra-

tion.167 Analgesia and motor nerve blockade lasted from 2 h to 2
h 20 min and from 3 h to 4 h 40 min, respectively. Side effects
included bradycardia, tachypnea, decreased minute volume, and
metabolic alkalosis.167

In a similar study, the analgesic effects of xylazine (0.07
mg/kg, diluted in 2.5 mL of sterile water) injected into the epi-
dural space at the sacrococcygeal or lumbosacral sites in 22 ewes
(body weight range, 60 to 85 kg) suffering from dystocia (vagi-
nal prolapse and emphysematous fetuses) were evaluated.168

Analgesia of the flank was appropriate for caesarean section 40
to 50 min after xylazine administration at either the sacrococ-
cygeal or the lumbosacral epidural sites. Sedation was not ob-
served in any of the ewes. Neither vaginal nor rectal prolapse
recurred. The alleviation of tenesmus was attributed in part to 
the prolonged analgesic action achieved by epidural xylazine
injection.

A combination of 2% xylazine (0.07 mg/kg) mixed with 2% li-
docaine (0.5 mg/kg) administered into the sacrococcygeal
epidural space has also produced effective caudal analgesia in
sheep with preparturient vaginal or cervicovaginal prolapse.169

This epidural mixture has been used for replacement and reten-
tion of rectal, cervical, and uterine prolapse in postpartum
ewes.170 There was no evidence that epidural xylazine-lidocaine
caused premature labor.171 The combined epidural injection of
xylazine and lidocaine has been considered by some investiga-
tors as an improvement over lidocaine epidural injection alone,
primarily because of the lack of abdominal straining for at least
1 day after prolapse replacement.

The epidural coadministration of an �2-adrenoceptor agonist
and opioid appears to shorten the onset time while prolonging the
duration of antinociception. For example, in one study, 10 min
after completion of injection, xylazine (0.2 mg/kg) administered
epidurally alone produced a lack of response to electrical stimu-
lation that lasted for 11/2 h, whereas a xylazine-fentanyl combi-
nation produced antinociceptive effects in 5 min that lasted 5 h.
The cardiopulmonary effects, which were measured after
epidural xylazine-fentanyl injection, included decreases in car-
diac output, cardiac work, arterial and mixed-venous pH, and bi-
carbonate values.172

Following the acute and chronic lumbar epidural administra-
tion of preservative-free and antioxidant-free solutions of mor-
phine (Astramorph/PF [0.5 or 1.0 mg of morphine/mL] and
Infumorph 500 [25 mg of preservative-free morphine sulfate ster-
ile solution/mL]) and hydromorphone (Dilaudid-HP [10 mg of
hydromorphone hydrochloride/mL]), there was no change in
CSF chemistry or hematology, or damage to spinal nerves, arach-
noid, pia, or spinal cord tissues. In one portion of the study, three
ewes receiving either morphine or hydromorphone developed
hind-limb weakness with progressive deterioration of motor and
reflex function, hypersensitivity to touch in the flanks, der-
matomal flank irritation (scratching and licking, progressing to
abrasions), discomfort with injection, catheter-related side ef-
fects, and severe neurological damage. Some spinal cord com-
pression was common in all ewes, whereas partial spinal cord
necrosis was observed in 50% of ewes after the 30-day epidural
use of concentrated morphine and hydromorphone.173
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Anterior Subarachnoid Anesthesia in Small Ruminants
If spinal fluid is aspirated into the syringe or drips from the hub
after needle placement, it is obvious that the dorsal epidural
space, the dura, and arachnoid meninges have all been punctured
and the subarachnoid space has been entered. Under these cir-
cumstances, half the epidural dose (0.5 mL/4.5 kg) can be in-
jected at a rate of approximately 1 mL every 2 to 3 s. Posterior
paralysis occurs in 1 to 3 min. With the reduced dose, anesthesia
may extend to the last rib, similar to epidural administration of
2% lidocaine but lasting 1 to 11/2 h (Fig. 23.26).

Gravity, not diffusion of drug in the CSF, determines the spread
of anesthesia. For bilateral anesthesia, the animal is placed on its
back immediately after administration of the anesthetic and re-
moval of the needle; for unilateral anesthesia, the animal is main-
tained in lateral decubitus with its affected side dependent.
Although epidural anesthesia and subarachnoid anesthesia in
small ruminants are useful techniques and easily performed, care-
ful observation of patients after injection and proper positioning
must be maintained in order to avoid complications.174

A few studies have evaluated the actions of �2-agonists placed
into the subarachnoid space of small ruminants. The analgesic ef-
fects of intrathecally (subarachnoid) applied xylazine and cloni-
dine placed into the cervical region of the spinal cord of sheep
have been studied.175,176 Xylazine and clonidine both produced
dose-dependent analgesia of the forelimbs, with slow onset and
maximum effect observed after 45 min to 1 h. Clonidine ap-
peared to be twice as potent as xylazine, with doses of 3, 6, and
12 µg of clonidine being similar to 5, 10, and 25 µg of xylazine.

The antinociceptive and physiological effects of xylazine 
(50 µg/kg) and detomidine (10 µg/kg) administered subarach-
noidally at the lumbosacral space in sheep indicate that xylazine
produces a higher threshold rise, faster onset, and longer threshold
enhancement than does detomidine.177 Atipamezole at doses of 5
µg/kg and 2.5 µg/kg, when administered IV at maximum threshold
effects produced by xylazine and detomidine, did not affect the re-
sulting antinociception as assessed by electrical stimulation.177

It should be appreciated that serious side effects may result
from injecting the full epidural dose into the subarachnoid space,
thereby rapidly advancing the anesthetic through lumbar, tho-
racic, cervical, and cranial subarachnoid spaces. Likewise, it is
not safe to withdraw the needle from the subarachnoid space to
the epidural space and proceed with an epidural injection. A dura
hole may be patent for many hours and, if spinal anesthesia is
considered, a deliberate technique of subarachnoid injection
using 1.5 to 2.0 mL of Heavy Nupercaine (1:200 dibucaine in 6%
glucose) in adult sheep has been recommended.53

CSF morphine concentration at the brain stem can increase
when lumbar epidural morphine is administered adjacent to a
dural puncture. Following dural puncture at the lumbar vertebrae
with either a 25-gauge Whitacre needle or an 18-gauge Tuohy
needle, the concentrations of morphine in CSF sampled at the
cisterna magna 6 h after epidural morphine administration were
154 ± 32 and 405 ± 53 ng/mL, respectively.178 These values are
7 and 20 times larger than without dural puncture. These findings
highlight the potential for delayed respiratory depression when
epidural morphine is injected after a dural puncture.

As a general rule, the subarachnoid administration of
lipophilic opioids produces CSF distribution different from CSF
distributions of hydrophilic opioids. For example, when mor-
phine (2 mg), hydromorphone (1 mg), methadone (2 mg), nalox-
one (1 mg), and [14C]sucrose (5 µCi), in 100-µL dosing solution,
were coadministered into the lumbar subarachnoid space or right
lateral ventricle of sheep, their distribution into the lumbar sub-
arachnoid space or right lateral ventricle varied greatly.179 Mor-
phine, hydromorphone, and [14C]sucrose were detected in lum-
bar CSF at 11/2 h to 1 h 45 min after lateral ventricle injection,
whereas hydromorphone and [14C]sucrose were detected in lat-
eral ventricle CSF 50 min after lumbar subarachnoid injection. In
contrast, methadone was not detected in ventricle CSF after lum-
bar subarachnoid injection, nor was it detected in lumbar CSF
after ventricle administration. Methadone, being a highly lipo-
philic opioid, exerts its effect predominantly on tissues near the
site of injection.

A number of studies have evaluated the effects of subarach-
noid administration of �2-agonists, ketamine, and local anesthet-
ics or combinations thereof in small ruminants.180–183 The as-
sessment of the analgesic, ataxic, sedative, cardiopulmonary, and
systemic effects of ketamine (3 mg/kg), xylazine (0.1 mg/kg), or
lidocaine (2.5 mg/kg) after subarachnoid injection (L6-S1) in
goats is one such study.180 Subarachnoidally administered xy-
lazine produced various degrees of analgesia of the tail, per-
ineum, hind limbs, flanks, and caudodorsal rib areas, which were
characterized by a slower onset and longer duration than the ef-
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Fig. 23.26. Restraint of an 8-year-old female Nubian goat, weighing
80 kg, in lateral recumbency during lumbosacral subarachnoid anes-
thesia (the right hind foot was amputated).



fects of ketamine or lidocaine. However, subarachnoid xylazine
also caused clinical relevant bradycardia, hypotension, and respi-
ratory depression, whereas ketamine and lidocaine did not signif-
icantly affect the cardiovascular and respiratory systems of goats.

The effects of the �2-agonist romifidine alone or in combina-
tion with ketamine have also been evaluated following subarach-
noid injection.181 After the intrathecal administration of the
romifidine and ketamine, analgesia of the tail, perineum, and
hind limbs reportedly occurred in 35 s and lasted for at least 2 h.
These results indicate a possible synergistic analgesic interaction
between intrathecally administered �2-agonists and ketamine.
Goats also demonstrated moderate to complete weakness of the
hindquarters after injection of this combination, whereas heart
and respiratory rates and arterial blood pressure were decreased
and central venous pressure was increased.181 Although postop-
erative analgesia in food animals is often ignored, the increased
interest in the use of local anesthetics, �2-adrenoceptor agonists,
ketamine, and opioids by the epidural and subarachnoid routes as
a means of prolonging perioperative analgesia is encourag-
ing.176,181–185

Complications from Anterior Epidural and
Subarachnoid Anesthesia
Complications may arise from faulty anterior epidural and sub-
arachnoid anesthesia and lack of patient management. These
complications can include loss of consciousness, convulsions,
respiratory paralysis, hypotension, and hypothermia after over-
dose,186,187 and possibly headache after dural puncture (un-
known in nonverbal species). Respiratory paralysis is caused by
desensitization of motor nerves supplying the intercostal muscle
and/or by desensitizing the phrenic nerves supplying the di-
aphragm. Animals with severe hypotension show signs of dis-
tress, collapse, tachycardia or bradycardia, weak pulse, and shal-
low, rapid respiration. Therapy is comprised of rapid fluid
infusion; raising the animal’s hindquarters above the level of the
heart to prevent pooling of blood in the hindquarters and to im-
prove venous return, cardiac output, and arterial blood pressure;
and supporting respiration by intubation, positive-pressure venti-
lation, and oxygen administration. In addition, the use of �1-
adrenergic agonists (e.g., methoxamine, metaraminol, ephedrine,
and phenylephrine) has been recommended to constrict the
epidurally or subarachnoidally induced dilation of vascular beds
in splanchnic and pelvic viscera and muscles of the pelvic limbs.
The routine use of metaraminol (5 mg IM) during epidural anes-
thesia in sheep has been advocated, and, if hypotension is severe,
5- to 10-mg of methoxamine can be given IV.53 The use of
ephedrine in pregnant ewes is advantageous because it preserves
uterine blood flow.188 Hypothermia is caused by a patient’s in-
ability to shiver. Heat lamps and warm blankets are useful in
warming patients.

Teat and Udder Anesthesia of Cows
Introduction
The udder is supplied from fibers of the genitofemoral nerves,
which have their origin from the third and fourth lumbar spinal

cord segments.189 Cranially, the skin and some glandular tissue
of the forequarters are supplied by the ilioinguinal (L2) and ilio-
hypogastric (L1) nerves. Caudally, the udder is supplied by the
mammary branch of the pudendal nerve and distal branch of the
perineal nerve, which originate from the second, third, and fourth
sacral spinal cord segments (Fig. 23.27). Milk secretion is under
hormonal control, as there are no secretory nerves to the udder.

Teat analgesia is required for repair of teat lacerations and in-
juries that most commonly affect the orifice. For this reason,
local anesthesia (ring block, inverted-V block, teat cistern infu-
sion, and intravenous regional anesthesia of the teat) is adequate
for most surgical procedures, using either physical restraint or
chemical tranquilization.19,190 Xylazine on its own as a sedative
and analgesic is very effective for minor procedures, but its use
in advanced gestation may be contraindicated. Standing restraint
is advantageous because it prevents udder trauma; however, asep-
sis and safety to the operator must not be compromised. General
anesthesia is rarely necessary for udder surgery except perhaps
for udder amputation.

Paravertebral block of the first, second, and third lumbar (L1,
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Fig. 23.27. Schematic illustration of the nerve supply to a cow’s
udder: A, inguinal nerve; B, internal anterior nerve; C, posterior in-
guinal nerve; D, external inguinal nerve; and E, perineal inguinal
nerve. L1 to L4 are ventral branches of the first to fourth lumbar ver-
tebral nerves. S2, S3, and S4 are ventral branches of the second,
third, and fourth sacral vertebral nerves.



L2, and L3) spinal nerves or segmental lumbar epidural block of
these nerves may be used for surgical procedures of the foreud-
der and foreteats. Both techniques have been described as diffi-
cult and often result in cows lying down. Using the perineal
nerve block in standing ruminants, surgical procedures may be
performed on the caudal-most teats and escutcheon areas of the
udder. However, most surgical procedures of the caudal teats and
body of the udder require high caudal epidural anesthesia or lum-
bosacral epidural anesthesia. Both techniques have been de-
scribed, and there is no advantage to using one technique over the
other in performing udder surgery. If high caudal epidural anes-
thesia is the method used for major udder surgery, up to 150 mL
of a 2% lidocaine hydrochloride solution may be required to ex-
tend the analgesia to L1 in adult cows. Analgesia can be expected
within 10 to 15 min and lasts 1 to 11/2 h.

Ring Block of the Teat
After thoroughly cleansing the entire teat and teat base, physical
restraint is used (e.g., holding the nose or using a flank strap,
rope around the legs, or dorsal tail elevation). An elastic band
may be applied firmly around the base of the teat to prevent dif-
fusion of local anesthetic up into the udder. The tourniquet is not
applied for removal of supernumerary teats. A 1.5-cm, 25-gauge
needle is inserted subcutaneously transverse to the direction of
the teat to deposit 4 to 6 mL of a 2% lidocaine hydrochloride so-
lution in the form of a peripheral ring block (Fig. 23.28A). The
solution is then massaged into the tissues. The technique pro-
vides adequate analgesia of the teat distal to the tourniquet within
10 min and lasts for approximately 2 h. Minor procedures, such
as laceration repair, perforating fistula, nonperforating lacera-
tion, wart removal, teat removal in gangrenous mastitis, teat-
obstruction opening, and fistula and supernumerary teat removal,
are facilitated when using ring block. The technique is simple
and inexpensive, and cows remain standing. Potential complica-
tions are prevented by using aseptic technique and safety during
infiltration.

Inverted-V Block of the Teat
As an alternative to the ring block, a 1.5-cm, 25-gauge needle
and 4 to 6 mL of local anesthetic solution are used to infiltrate the
skin and muscularis of the surgical site by using an inverted-V
pattern (Fig. 23.28B). Adequate analgesia for repairs of lacera-
tions or fistulas or for removing warts in standing cows is
achieved by this technique. Again, physical restraint and tran-
quilization are required for aseptic technique and safety during
infiltration.

Teat-Cistern Infusion
Infusion of the teat cistern with local anesthetic is recommended
for procedures that require anesthesia of the mucous membrane
lining of the cistern. Although the muscularis, subcutaneous lay-
ers, and skin are not desensitized by this technique, procedures
such as removal of teat polyps, opening of contracted sphincters,
and opening of the spider teats may be facilitated. Combined
with adequate physical restraint and chemical tranquilization, the
cistern is milked out and the orifice thoroughly cleansed with al-

cohol. A narrow gauze bandage or suture is placed as high up on
the teat as possible to act as a tourniquet, preventing milk from
entering the teat and diluting the anesthetic agent. To fill the teat,
a teat cannula is introduced and approximately 10 mL of a 2% li-
docaine hydrochloride solution is infused (Fig. 23.28C).
Anesthesia develops in 5 to 10 min; thereafter, the remaining li-
docaine is milked out and the tourniquet is removed.

Intravenous Regional Anesthesia of the Teat
This technique provides anesthesia of the entire teat distal to a
preplaced tourniquet. The technique is best accomplished in
recumbent cows. A tourniquet is placed around the base of the
teat as described for teat cistern infusion. Any superficial teat
vein distal to the tourniquet may be used for injection of 5 to 7
mL of a 2% lidocaine hydrochloride solution or its equivalent by
using a 2.5-cm, 22- to 25-gauge needle (Fig. 23.28D). Digital
pressure and gentle massage are applied to the site of injection
to prevent hematoma formation. Analgesia of the teat distal to
the tourniquet occurs within 3 to 5 min and persists for the time
the tourniquet is applied. Sensation returns to the teat 5 to 10
min after tourniquet removal. Restraint and aseptic technique
are critical.

Perineal Nerve Block
Desensitization of the perineal nerve facilitates repair of lacera-
tion and removal of supernumerary teats or warts in the caudal-
most udder or escutcheon area.189 The nerve is readily desensi-
tized by injecting 5 to 7 mL of a 2% lidocaine hydrochloride
solution into the subcutaneous and subfascial tissues at the is-
chial arch approximately 2 cm lateral to the midline on both
sides.191 The technique does not inhibit wound healing, but it is
more difficult technically than local infiltration.
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Fig. 23.28. Needle placement for bovine ring block (A), inverted-
V block (B), teat-cistern infusion (C), and intravenous regional teat
block (D).



Anesthesia of the Foot
Introduction
Anesthesia of the foot may be induced by (a) infiltrating the tis-
sues around the limb with local anesthetic solution (ring block),
(b) injecting local anesthetic solution into an accessible superfi-
cial vein in an extremity isolated from circulation by placing a
tourniquet on the animal’s leg (intravenous regional anesthesia),
(c) desensitizing specific nerves (regional analgesia, anesthesia
of the brachial plexus, and epidural anesthesia), and (d) using
general anesthesia in especially fractious animals or procedures
requiring complete immobilization for asepsis and safety during
operation.

Ring Block
Many practitioners consider the ring block or infiltration of local
anesthetic from skin to bone, encircling the digit at the junction
of the proximal and middle of the metatarsus or metacarpus, to
be the most reliable way of anesthetizing the digit.192 A 2.5-cm,
25-gauge needle may be used to inject approximately 15 mL of
a 2% lidocaine hydrochloride solution at several sites: deep and
superficial to the flexor tendons and in a partial circle around me-
dially and laterally to the extensor tendons. The area between the
anterior and posterior injection sites may be divided into thirds;
the anesthetic may be injected at one-third to two-thirds of the
distance between them. The technique does not require precise
anatomical knowledge of the limb. The ring block increases the
risk of inducing pyogenic bacteria from multiple injection sites,
however, and is often only partially successful.

Intravenous Regional Anesthesia
Intravenous regional anesthesia (IVRA) is a simple and safe
method for producing analgesia of the digit in cattle, small rumi-
nants, and pigs, and can be substituted for the cumbersome local in-
filtration or nerve-block procedures. It is ideal for digital surgery, in
which the amount of bleeding at the surgical site must be reduced.
In cattle, the technique involves placing either an elastic bandage, a
tourniquet of stout rubber tubing, or an inflatable cuff (inflation
pressure, >200 mm Hg or 26.7 kPa) proximal193,194 or distal to the
tarsus,194–196 proximal to the elbow,197–199 and proximal193,200 or
distal to the carpus to obstruct the arterial inflow.196,201 In the pelvic
limb, a rolled bandage is placed in the depression on either side of
the limb between the Achilles tendon and the tibia to increase the
pressure on the underlying vessels.193–195

IVRA is best performed on the leg of an animal that has been
cast and restrained in lateral recumbency with the particular limb
uppermost, but alternatively it can be induced in a raised leg of a
sedated animal standing.202 In the thoracic limb, the skin over the
prominent common dorsal metacarpal vein, plantar metacarpal
vein, or radial vein distal to the tourniquet is clipped, shaved, and
disinfected (Fig. 23.29A). The cranial branch of the lateral
saphenous vein or lateral plantar digital vein is a suitable site for
injection in the pelvic limb (Fig. 23.29B). A 2.5-cm to 3.75-cm,
20- or 22-gauge needle with syringe attached is inserted either in
proximal or in distal direction as close to the surgical site as pos-
sible. In adult cattle, 30 mL of a 2% lidocaine hydrochloride so-

lution (without epinephrine) is injected as rapidly as possi-
ble.193–195,201,203 Smaller volumes (3 to 10 mL) of lidocaine are
adequate for IVRA in small ruminants and pigs.196

The needle is removed from the vein, and digital pressure and
gentle massage are applied to the site of injection to prevent de-
velopment of subcutaneous hematoma. Anesthesia of the limb
distal to the tourniquet develops after 5 min, is optimal in 10 min,
and persists for the period the tourniquet is left in place.
Analgesia occurs latest in the interdigital region. Ischemic necro-
sis, severe lameness, and edema are not expected to occur if the
tourniquet is applied for less than 2 h.193,194 Few surgical proce-
dures require this length of time. Usually, an operation is com-
pleted in 10 to 30 min, when the tourniquet may be safely re-
leased. Sensation and motor function return to the leg within 10
min after tourniquet release, and no signs of cardiovascular or
CNS toxicity are likely.193,200,204,205 After tourniquet removal,
partial analgesia may persist for an additional 30 min or longer.
Evidence of lidocaine toxicity has rarely been reported in cattle
if the tourniquet has remained in place for 20 min or more.
Maximal venous plasma concentration of lidocaine after tourni-
quet release was 1.5 µg/mL,195 which is less than that considered
to be toxic.

A measurable concentration of lidocaine in jugular venous
blood in buffalo calves (102 ± 9.4 kg) was demonstrated after in-
fusion of a 2% lidocaine hydrochloride solution (4 mg/kg body
weight) into the dorsal digital vein, despite tourniquet occlu-
sion.206 The lidocaine concentration progressively rose after in-
jection to 2.9 and 3.67 µg/mL at 30 min and 1 h, and was further
increased to 6.9 ± 0.9 µg/mL at 5 min after tourniquet release.
Salivation, tremors, and rapid pulse have occurred in cattle after
early tourniquet removal (<20 min). Symptoms of lidocaine tox-
icity—including CNS symptoms and signs such as convulsions
and seizures, profuse salivation, and hypotension in cattle—may
occur if a large bolus of lidocaine hydrochloride (6 to 8 mg/kg)
is injected into the systemic circulation. Toxicity in early tourni-
quet removal is avoided if the tourniquet is loosened for 10 to 15
s and retightened for 2 to 3 min, and this procedure is repeated
several times.207 In cases of local sepsis in the distal limb in cat-
tle, combined use of IVRA and antibiotics has been described.208

It is advised, however, to limit the dose of sodium penicillin to
100,000 IU dissolved in 15 to 20 mL of a 2% lidocaine hy-
drochloride solution to prevent thrombosis of the veins distal to
the tourniquet. Swelling of the forelimb and long-lasting lame-
ness (25 days) in 18% of a group of water buffalo calves (85 to
100 kg of body weight) has been reported after IVRA, when
400,000 IU of benzyl penicillin was diluted in 12 to 15 mL of an
8% to 12% procaine hydrochloride solution and injected into the
radial vein distal to a tourniquet.197 Microthrombosis of digital
veins might have been produced in these animals by salt forma-
tion of procaine penicillin and benzyl penicillin.209 In any case,
animals should be carefully observed for changes in respiratory
and pulse rates during the first 10 min after tourniquet release.

Advantages of IVRA when compared with ring block or re-
gional nerve blocks are that it requires no precise anatomical
knowledge of the limb and only a single injection is made,
thereby reducing tissue trauma, contamination of fascial planes
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or tendon sheaths, and time required for producing digital anal-
gesia. In addition, the amount of bleeding at the surgical site is
reduced during application of the tourniquet. One disadvantage
of IVRA is an approximately 7% inexplicable failure rate, with
particular lack of analgesia in the interdigital area, even when the
technique is performed correctly without hematoma formation at
the puncture site.

Regional Anesthesia of the Thoracic
Limb
Brachial Plexus Block
Anesthesia of the brachial plexus in cattle can be achieved by de-
sensitizing the ventral roots of the sixth, seventh, and eighth cer-
vical (C6, C7, and C8) and first and second thoracic (T1 and T2)
spinal nerves as they pass over the lateral aspect of the middle
third of the first rib, thereby inducing loss of sensation distally and
including the elbow joint.136 The skin-puncture site is 12 to 14 cm
cranial to the acromion of the scapula and lymph node. This area
is surgically scrubbed and infiltrated with 2 to 3 mL of local anes-
thetic solution. The animal’s head is held away from the side to be

injected. A 16-cm, 18-gauge needle, preferably with stylet, is in-
serted through the desensitized area and pushed horizontally or 5°
ventrocaudally until it impinges at the lateral surface of the first
rib, where approximately 10 mL of a 1% or 2% lidocaine hy-
drochloride solution containing 1:200,000 epinephrine (to delay
absorption and diminish the risk of toxicity) or equivalent is in-
jected. The needle is first withdrawn 5 to 10 cm, and then its tip
is redirected 1.5 cm more distal to the first injection site, where an
additional 10 mL of the anesthetic is deposited. Two to three more
injections are made similarly until a band of anesthetic 6 to 8 cm
long has been injected along the rib and ventral to the initial site.
The needle is correctly placed if there is no air, blood, or CSF
upon needle aspiration. Onset of analgesia and loss of motor
power are gradual, with maximal effects achieved 15 to 20 min
after injection and lasting 11/2 to 2 h.

Digital Nerve Block
The nerves in the digits of cattle are not easily located distal to
the carpus and tarsus because of tense skin and subcutaneous fi-
brous tissue. However, individual nerves can be desensitized.

To produce analgesia distal to the carpus, the median nerve,
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Fig. 23.29. Tourniquet and needle placement for intravenous regional analgesia of the bovine forelimb (A) and rear limb (B): a, dorsal
metacarpal vein (dorsal view); b, radial vein (medial view); c, plantar metacarpal vein (palmar view); d, cranial branch of lateral saphenous vein;
and e, lateral plantar digital vein.



the ulnar nerve, the medial antebrachial nerve (a cutaneous
branch of the musculocutaneous nerve), and the dorsal ante-
brachial nerve (a cutaneous branch of the radial nerve) must be
desensitized.8,136,210 Local infiltration of the skin and subcutis
can be used effectively where massive extensive muscle mass
proximal to the carpus prohibits perineural injection.

The median nerve may be desensitized by injecting 10 to 20
mL of a 2% lidocaine hydrochloride solution beneath the fascia
approximately 5 cm distal to the elbow anterior to the flexor
carpi radialis muscle on the posterior radius. The nerve lies deep,
but it can be palpated and perineurally infiltrated at that site by
using a 5-cm, 18- to 20-gauge needle (Fig. 23.30C).

The ulnar nerve can occasionally be palpated approximately
10 cm (a hand’s breadth) above the accessory carpal bone at the
posterolateral (volar-lateral) surface of the radius. Approximately
5 mL of a 2% lidocaine hydrochloride solution is injected under-
neath the superficial fascia in a groove between the flexor carpi
ulnaris and ulnaris lateralis muscle by using a 5-cm, 20-gauge
needle (Fig. 23.30B). The resulting median and ulnar nerve
blocks desensitize the medial-posterior aspect of the metacarpus
and posterior aspect of the digits.136 The medial and dorsal ante-
brachial nerves supply sensory fibers to the medial and dorsal as-
pects of the carpus and, in conjunction with the median and ulnar
nerves, the limb distal to the carpus. The cutaneous medial and
dorsal antebrachial nerves may be desensitized anteriorly ap-
proximately 10 cm above the carpus by injection of 20 mL of a
2% lidocaine hydrochloride solution in a band 4 to 6 cm wide ad-
jacent to the dorsal radius just anterior to the cephalic vein (Fig.
23.30A).

Alternatively, anesthesia can be produced from the midmeta-
carpus distally by desensitizing four nerves at the midmetacarpal
area (four-point block): the dorsal metacarpal nerve (a superficial
branch of the radial nerve), the medial palmar nerve (a continua-
tion of the median nerve), and the dorsal and palmar branches of
the ulnar nerve.211 A 1.25-cm, 22-gauge needle may be used to
inject 5 mL of a 2% lidocaine hydrochloride solution at each site.
The needle point is directed proximally to prevent its breaking in
the event the animal should kick and pull the leg away. The dor-
sal metacarpal nerve is desensitized by subfascial injection of the
anesthetic medial to the medial digital extensor tendon (Fig.
23.31A). The medial palmar nerve is desensitized at the medial
aspect of the superficial flexor tendon in the groove between the
superficial flexor tendon and the suspensory ligament (Fig.
23.31B). The dorsal branch and the lateral palmar branch of the
ulnar nerve are desensitized by perineural infiltration on the lat-
eral aspect of the limb just anterior and posterior to the suspen-
sory ligament (Fig. 23.31C and D).

Anesthesia of the Interdigital Region
For interdigital anesthesia of the front and hind feet, the branches
of the medial dorsal and palmar (plantar) axial digital nerves
must be desensitized. Using a 5-cm, 16- or 18-gauge needle, 5 to
10 mL of a 2% lidocaine hydrochloride solution is injected at a
depth of 3.5 to 5.0 cm to infiltrate the soft region proximal to the
junction of the claws on both the dorsal and the volar aspects of
the first phalanx (pastern) (Fig. 23.30D). This method should ad-

equately desensitize all the dorsal and palmar (plantar) axial dig-
ital nerves for removal of interdigital fibromas (corns).
Alternatively, a 10-cm, 18-gauge needle can be inserted at a 90°
angle to the skin on the dorsum of the pastern, and the middle of
the interdigital space can be infiltrated from a single injection site
by using 15 to 20 mL of the anesthetic solution.

Regional Anesthesia of the Pelvic Limb
Nerve blocks of the pelvic limb in cattle have seldom been em-
phasized because IVRA and epidural anesthesia may be conve-
niently used for anesthesia of the hind legs. Regional anesthesia
of the tarsus and distally can be produced by desensitizing the
common peroneal nerve and tibial nerve.212 Both nerves are con-
tinuations of the sciatic nerve. A 3- to 5-cm, 18- to 20-gauge nee-
dle with approximately 20 mL of a 2% lidocaine hydrochloride
solution are used at each site, inducing anesthesia within 10 to 20

Local and Regional Anesthetic Techniques: Ruminants and Swine ● 673

Fig. 23.30. Needle placement for desensitizing the musculocuta-
neous (A), ulnar (B), median (C), and axial digital III and IV (D) nerves
of the left forelimb in cattle: a, caudolateral; and b, dorsomedial
aspects.



min. The common peroneal nerve is desensitized just caudal to
the posterior edge of the lateral condyle of the tibia deep to the
aponeurotic sheath of the biceps femoris muscle (Fig. 23.32A).
The tibia nerve is desensitized at a point approximately 10 cm
above the tuber calcis between the gastrocnemius tendon and the
deep digital flexor tendon on the medial aspect of the limb (Fig.
23.32B). Alternatively, anesthesia distal to the tarsus is produced
by desensitizing four nerves (four-point block): the lateral and
medial plantar metatarsal nerves (both are continuations of the
tibial nerve) and the superficial and deep branches of the per-
oneal nerve.136,210,211,213 The superficial peroneal nerve lies su-
perficial to the extensor tendons, and the deep peroneal nerve lies
deep on the metatarsus; the lateral and medial plantar metatarsal
nerves lie superficial in a fibrous sheath containing artery and
vein lateral and medial to the flexor tendons, respectively. A 2.5-
cm, 22-gauge needle with approximately 5 mL of a 2% lidocaine
hydrochloride solution is used at each site, just above the middle
of the junction between the proximal and middle third of the
metatarsus.

The superficial peroneal nerve is desensitized subcutaneously
on the dorsal surface of the metatarsal bone in the proximal third
of the metatarsus (Fig. 23.33A). The deep peroneal nerve is de-
sensitized in the midmetatarsal region beneath the extensor ten-
dons (Fig. 23.33B). Traditionally, the deep peroneal nerve is ap-

proached by placing a 22-gauge needle under the extensor ten-
dons from the lateral side. Alternatively, a 2.5-cm, 25-gauge nee-
dle can be placed through the extensor tendon by using slow in-
jection with considerable pressure. Penetration of the dorsal
metatarsal artery must be avoided.

The medial and lateral plantar metatarsal nerves are desensi-
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Fig. 23.31. Needle placement for midmetacarpal nerve blocks on
the right forefoot in cattle. Dorsal metacarpal nerve (A), medial palmar
nerve (B), lateral palmar branch of the ulnar nerve (C), and dorsal
branch of the ulnar nerve (D): dorsal aspect (left), palmar aspect
(center), lateral aspect (right), and cross-sectional aspect (inset).
Inset: a, extensor tendons; b, interosseous ligament; c, deep digital
flexor tendon; and d, superficial digital extensor tendon. From
Skarda,5 p. 655.

Fig. 23.32. Needle placement for desensitizing the common per-
oneal nerve (A) and tibial nerve (B) in cattle: caudal aspect.



tized approximately 5 cm above the fetlock in the groove be-
tween the suspensory ligament and flexor tendons on the medial
and lateral aspects of the limb (Fig. 23.33C and D). Adequate
analgesia for claw amputation can be expected after the four-
point block. However, if sensation to the bulb of the heels after
injection still remains, it is advisable to repeat the perineural in-
filtration not only of the lateral and medial plantar metatarsal
nerves, but also of the deep peroneal nerve, which supplies sen-
sory fibers to the interdigital area and bulb of the heels.

The advantages of specific nerve blocks in the foot as com-
pared with general anesthesia are fewer complications associated
with regional anesthesia and immediate ambulation of the animal
after surgery. The most obvious disadvantage of regional anes-
thesia is that it requires a good knowledge of the anatomy of the
region. Multiple injections are required for each region.
Analgesia is often incomplete, probably owing to anastomotic,
collateral, or recurrent nerve branches.213 The use of general
anesthesia may be advantageous in fractious animals that require
complete immobilization. In addition, the use of general anesthe-
sia avoids the necessity of injection of the local anesthetic into
inflamed tissue, which is often painful and ineffective and can
cause the spread of infection or absorption of toxins.

Intra-articular Anesthesia
Arthrocentesis may be considered for diagnostic work in con-
junction with examination of joint fluid, but intra-articular anal-
gesia is seldom used, although it is an inexpensive means of pro-
viding site-specific analgesia.214

In a recent study, 2% lidocaine (40 mg, 2 mL) was chosen for
preincisional intra-articular administration, whereas postclosure
intra-articular 0.5% bupivacaine (10 mg, 2 mL) was used because
of its longer-lasting action in adult sheep undergoing stifle
arthrotomy during general anesthesia.215,216 Intra-articular lido-
caine plus bupivacaine provided analgesia for 3 to 7 h postoper-
atively.

Anesthesia for Castration
Castration of bulls, sheep, goats, and pigs is one of the most com-
monly performed surgical procedures in general practice.
Optimal methods for pain control during castration are contro-
versial. The operation may be performed by using chemical re-
straint and regional anesthesia with animals in either the standing
or cast position, or by using general anesthesia induced by intra-
venous or intratesticular injection of a barbiturate or dissociative.
The choice of method to be used largely depends on the species
and the opportunity to observe the animal after castration.
Regional anesthesia can be induced by intratesticular injection of
local anesthetic solution in all food animals.

The scrotum should be cleansed with a detergent antiseptic so-
lution, and the proposed line of incision subcutaneously infil-
trated with 3 to 5 mL of a 2% lidocaine hydrochloride solution.
The anesthetic is injected as the skin is tensed over the testicle
and is pulled on the needle.

In bulls and boars, a 3.75- to 7.5-cm, 16- to 18-gauge needle is
first inserted through the skin below the tail of the epididymis
and then pushed quickly into the center of the testicle by using an
angle of approximately 30° from perpendicular without punctur-
ing the side or bottom (Fig. 23.34). The anesthetic (10 to 15 mL
per 200 kg of body weight) is injected into the substance of each
testicle. The anesthetic is said to enter lymph vessels quickly and
to desensitize the sensory fibers in the spermatic cord.217

In bull calves, rams, and bucks, a smaller needle (2.5 to 3.75
cm, 20 gauge) is used to enable easy flow between 2 and 10 mL,
depending on the size of the animal, of a 2% lidocaine hy-
drochloride solution to the center of the testicle and to minimize
backflow through the needle tract. The bulk of the anesthetic
quickly passes from the testes up the spermatic cord via the
lymph vessels into the blood, so the administration of an exces-
sive dose must be avoided or intoxication will occur.
Intratesticular injection of 3 to 15 mL of a 2% lidocaine hy-
drochloride solution can be satisfactory for castration in male
pigs up to approximately 5 months of age. Additionally, 2 to 5
mL of the anesthetic is injected subcutaneously beneath the scro-
tum as the needle is withdrawn. General anesthesia, however, is
more suitable for older pigs.

Because the distribution and effectiveness of lidocaine into the
testicle of piglets have been questioned, the distribution of 0.4
mL of radioactive [14C]lidocaine with 5 mg of adrenaline/mL in-
jected into each testis and subcutaneously in the scrotum of six
male piglets has been evaluated.218 Autoradiograms show ra-
dioactivity in the testes, distally where the subcutaneous injec-
tion was made, and in the entire length of the spermatic cord 10
min after completion of the injection.
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Fig. 23.33. Needle placement for midmetatarsal nerve blocks on
the right hind foot in cattle: superficial peroneal nerve (A), deep per-
oneal nerve (B), medial plantar metatarsal nerve (C), and lateral plan-
tar metatarsal nerve (D): dorsal aspect (left), plantar aspect (center),
lateral aspect (right), and cross-sectional aspect (inset). Inset: a, ex-
tensor tendons; b, interosseous ligament; c, deep digital flexor ten-
don; and d, superficial digital flexor tendon). From Skarda,5 p. 657.



In another study, to reduce pain associated with ring castration,
local anesthetic (2% lidocaine) was injected into three sites
around the scrotal neck (1 mL into the anterior-medial surface
and 0.5 mL into each lateral surface) of lambs about 6 weeks of
age 5 to 10 s before rubber-ring castration.219 Injecting lidocaine
(1 mL) into each testis through the caudal pole after ring appli-
cation did not reduce cortisol levels associated with ring castra-
tion and docking, however.220 In two other studies in calves, the
intravenous administration of the anti-inflammatory ketoprofen
(3 mg/kg of body weight) was considered more effective than the
injection of 8 to 9 mL of 2% lidocaine into each testis during cas-
tration to alleviate the associated stress response.221,222 Systemic
analgesia with ketoprofen was considered more effective in re-
ducing inflammatory responses associated with castration than
either local or epidural anesthesia.

Intratesticular Injection
A sclerosing agent (Chem-Cast) may be painlessly injected into
the testes of bull calves weighing less than 70 kg in order to de-
stroy the testicular tissue within 60 to 90 days without edema,
hemorrhage, or unacceptable necrosis.223 The recommended
dose is 1 mL per testicle in calves weighing up to 45 kg and 1.5
mL per testicle in calves weighing 46 to 68 kg. As compared with
surgical castration and mechanically crushing the cord (Burdizzo
method), chemical castration is simple and fast; it lacks the high
risk of infection associated with surgical castration, and it con-
tributes to improved weight gain. There is no withdrawal time for
nontesticular tissues obtained from calves treated with Chem-
Cast.223

Conclusion
Presently, sufficient clinical work has been done to establish the
usefulness, safety, and limitations of local and regional anesthe-
sia techniques in ruminants and swine. Generally speaking, the
rational use of a 2% lidocaine hydrochloride solution provides
economic and good intraoperative analgesia with rapid recovery
and minimal side effects. The systemic administration of an
NSAID (e.g., ketoprofen IV) may also be considered for reliev-
ing both intraoperative and postoperative pain and stress com-
monly observed after surgical procedures, such as dehorning and
castration.
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Introduction
A veterinarian’s training often leads to skepticism of Eastern tra-
ditional medical practices because of the apparent conflicts with
Western scientific methodology and the feeling that Eastern med-
ical practice is somewhat faith based. It is important that novices
to traditional Chinese medicine (TCM) understand that much of
the theory and vocabulary, although similar to Western terminol-
ogy, have little direct correlation. Much of the practice of TCM
developed before the advent of Western medical science and pub-
lication of medical textbooks, so a simplified method had to be
devised for the practice of TCM based on diagnostic and treat-
ment strategies observable on the external surfaces of the body.
Consequently, it is best to think of the description of acupuncture
points and TCM diagnostics as metaphors or teaching aids rather
than anatomical or pathophysiological correlates to Western
medicine.

Treatment strategies have evolved over millennia of trial and
error in many species and represent a consensus among TCM
practitioners as to what is effective. Current Western medical
teaching is that TCM is complementary to Western medicine
rather than a replacement for it. Acupuncture is traditionally
viewed as one treatment modality among several used by TCM
practitioners.

Most Western acupuncture charts show transpositional acu-
puncture points and meridians on animals, meaning the points
are adapted from anatomical correlates on the human body. This
creates some interesting adaptations, since animal anatomy (es-
pecially horses) varies considerably from humans. Some
acupuncturists prefer to use the points described for animals in
the early Chinese veterinary texts. These may or may not be
aligned with modern points. They are difficult for many West-
erners to learn because the names are in Chinese and often de-
scribe the anatomy in terms of natural objects (rivers, branches,
etc.). Some acupuncturists only use points located on the distal
limbs. These are often referred to as Ting points and are the ends
of the meridians and are usually extremely painful when needled
(like sticking needles under fingernails), so they would be ex-
pected to produce a pronounced response.

Any patient being treated with acupuncture should be evalu-
ated using the standards of care established for Western-based
veterinary medicine. This includes a thorough physical examina-
tion, chest auscultation, blood work if necessary, and any other
diagnostics that are required. Failure to maintain this standard of
care could lead to malpractice. Acupuncture is often used in con-
junction with Western treatments such as surgery or pharmaco-
logical therapy. It is recommended that written refusal of a
Western-based standard of care be obtained from clients who
seek to use acupuncture exclusively. Such clients have caused
much concern and ethical debate among veterinarians.

History
Acupuncture is an integral part of an ancient Chinese system of
medicine that has been used for more than 2500 years to treat dis-
eases and relieve pain. According to tradition, acupuncture is
based on a philosophy of balance and unity between the universe,
living beings, and energy flow that penetrates everywhere and
everything. Any imbalance, disruption, or energy-flow blockage
within the body can cause disease or pain. The main concept and
philosophy of acupuncture is to return the body to a harmonized,
balanced state.

The numerous techniques and approaches to acupuncture re-
flect a variety of medical traditions and schools from China,
Korea, Japan, Vietnam, and other Eastern countries. Some of
these approaches focus on points located on traditional acupunc-
ture meridians that crisscross the body surface. Other methods
focus on points located on the ear (auricular acupuncture) or
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hands or feet (Korean hand acupuncture [Su-Jok]). In general, it is
believed that the ears, hands, and feet are micromodels of the en-
tire body, with areas that represent the body parts, organs, merid-
ians, and acupuncture points. These micromodels have the same
principles of energy flow as the whole body. An explanation that
has been offered for this phenomenon is a principle of the fractal-
ization (similarity) of living and nonliving things in which small
parts have the same shape as the whole.1 No matter what method
of acupuncture is used, it must be applied to specific points to
achieve analgesia or other beneficial regional or systemic effects.

Modern research on the basic mechanisms of acupuncture
started in the People’s Republic of China in 1949, where Mao
Zedong encouraged the practice of acupuncture. Ten years later,
acupuncture was introduced in the former Soviet Union, where
further research was initiated. The practices and research results
remained essentially unknown to most Western scientists and
physicians. This typically reflected a failure to publish articles in
English, along with a lack of interest in the Western research
community.2

Interest in acupuncture surged in the United States in the early
1970s, in part, because James Reston, a New York Times reporter
covering President Richard Nixon’s trip to China, developed
acute appendicitis. After his postoperative pain was treated with
acupuncture, he described his experience on the front page of the
newspaper, igniting an interest in acupuncture in the Western
medical community.3 Subsequently, American and European
physicians visiting China witnessed surgeries in which the only
anesthetic used was acupuncture. A number of articles in news-
papers and magazines about the use of acupuncture instead of
general anesthesia followed. Basic research on acupuncture’s
mechanisms in Western societies started in 1976 after the endor-
phin hypothesis of acupuncture’s mechanism of action was intro-
duced. Further advancement of acupuncture research was
prompted by introduction of functional magnetic resonance im-
aging (fMRI) and positron-emission tomographic scanning,
which revealed the relation between acupuncture stimulation and
activation of certain brain structures.4–8 Interest in the United
States led the National Institutes of Health to create the National
Center for Complementary and Alternative Medicine (NCCAM),
which has funded basic and clinical acupuncture studies.

In 1997, the World Health Organization issued a list of human
medical conditions that may benefit from treatment with
acupuncture. Applications include prevention and treatment of
postoperative and chemotherapy-associated nausea and vomit-
ing, treatment of pain, therapy for alcohol and other drug addic-
tion, treatment of asthma and bronchitis, and rehabilitation from
neurological damage such as that caused by stroke.9 Scientific in-
formation on the effectiveness of acupuncture for veterinary dis-
orders is limited. The effectiveness of treatment is based on a
consensus among veterinarians commonly performing acupunc-
ture in specific species.

Skepticism about the effectiveness of acupuncture therapy in
humans and animals remains among some Western medical prac-
titioners. Some factors contributing to this skepticism are (a) the
scientific basis of acupuncture remains unclear, (b) the philo-
sophical basis of acupuncture is difficult for a modern industrial

society to accept, (c) the operational language is unusual, and (d)
the traditional system of acupuncture points does not correspond
to Western concepts of anatomy or neurology. Moreover, tradi-
tional Chinese acupuncture remains a mix of philosophy and sci-
ence and teaches that many factors can profoundly influence the
outcome of the treatment. In addition to the signs related to the
disease, a practitioner might consider a patient’s gender and psy-
chological profile, the season, the time of the day, and even the
environment in which the treatment is administered.10–18

Because of these differences, it is believed that the efficacy of in-
terventions may differ substantially among patients with similar
symptoms, and thus it is difficult to standardize procedures.
Scientific exploration of these factors remains limited. Another
problem associated with acupuncture studies is defining an ade-
quate placebo as a control intervention for them. Some trials
compare acupuncture with drugs, and others use sham acupunc-
ture (acupuncture at random spots on the body surface that are
thought to be inactive). There is substantial controversy, how-
ever, about the use of sham acupuncture as a control treatment
because the procedure itself can provide neurohormonal and clin-
ical effects, though usually of lower effectiveness compared with
treatment at defined acupuncture points.19

Basic Concepts
The theory of TCM, of which acupuncture is one part, is complex
and beyond the scope of this review. Unlike Western biomedical
science, TCM does not make a distinction between physical,
mental, and emotional components of life. Moreover, it consid-
ers a being as an integral part of the universe. It is believed that
everything within the universe, including animals, obeys the
same laws. Therefore, health and disease result from balance or
imbalance.

Organs and Meridians
Most modern acupuncture schools teach meridian theory.
However, early practitioners (and some modern practitioners) do
not recognize meridians or do not agree on their path. Meridians
are most useful in remembering locations of points, although
they are used in developing treatment protocols. Meridians were
identified based on observations in a small percentage of people
who are extremely sensitive to acupuncture. A meridian can de-
scribe the course of a tingling or burning sensation along a path
that roughly corresponds to the meridian. Most of the meridians
are not obviously associated anatomically with nerve pathways,
although many of the relationships observed seem to be ex-
plained by the way peripheral nerves enter the spinal cord and
neural pathways converge in the brain. For example, many peo-
ple that have heart attacks describe a pain across the chest and
down the arm. The heart meridian courses down the chest and
arm. The pain (origin in the heart muscle) is felt in the arm be-
cause some of the afferent fibers enter the spinal cord near the lo-
cation of afferents from the thoracic limb. Other observations in-
dicate that distant areas of the body have complementary effects
because many areas in the somatosensory cortex of the brain
colocalize. Associations between internal organs and meridians
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(and superficial points) are very common and make sense if the
concept of referred pain is understood.

The theory of traditional Chinese acupuncture recognizes 12
main meridians with corresponding organs in the human body. In
addition, eight so-called curious meridians can be distinguished.
Most acupuncture “organs” have names similar to organs of
Western medicine but only an approximate correlation with
physiological functions and anatomical structures. Organs, as
seen in ancient Chinese traditions, are functional systems rather
than anatomical structures, with broader and sometimes peculiar
physiological functions and anatomical representations. For ex-
ample, two traditional acupuncture organs, namely, “triple
warmer” and “pericardium” (“heart governor”), do not have a
distinct anatomical representation at all. All meridians and or-
gans are connected and related to one another directly or indi-
rectly according to various rules and principles:

• Each organ has a corresponding meridian with acupuncture
points located along it.

• Meridians travel inside the body and on the body’s surface
and are connected to one another and organs by a complex
network of accessory collateral connections.

• The function of the meridians is to regulate and modify the
corresponding organ or group of related organs. It is believed
that meridians can control pain along the areas they traverse.

Points
In Chinese acupuncture, points are called xue, which means
“cave” or “hole.”20,21 In Chinese acupuncture tradition and lan-
guage, the names of points are important and informative.
Western acupuncture practitioners rarely use Chinese names be-
cause of unfamiliarity with the Chinese language. Instead, the
points are identified by number and capital letter abbreviation of
the meridian to which they belong: 365 classic points are located
along the meridians and at least the same number of extramerid-
ian points. The exact location of the points is important, because,
according to classic theory, even small deviations from the in-
tended location can nullify the response. The distance of acu-
points to anatomical landmarks is usually described as cun.

Investigation into the anatomy and physiology of acupuncture
points has resulted in a hypothesis that most recognized acupunc-
ture points coincide with tissues that are capable of eliciting a
strong neurohumoral response when irritated. These include
nerves, neurovascular complexes, Golgi tendon apparatuses, and
other sensitive tissues. Stimulation of these tissues might cause
acute and intense irritation that triggers endogenous analgesic,
immune, and behavior-adapting systems to be activated, resulting
in the clinical effectiveness of acupuncture.

Point Location
Several factors have been associated with precise location of
acupuncture points:

• Points are located in a small hollow or depression on the skin
surface.

• Acupuncture points are usually tender compared with the
surrounding area, and a response (probably associated with

discomfort) can often be elicited with deep palpation. Human
patients describe a feeling of slight pain or numbness radiat-
ing circumferentially for at least a centimeter when the point
is pressed.

• A subjective roughness or stickiness can be appreciated when
an acupuncture point is brushed slightly with the finger.21

• A specific feeling called the De-Qi sensation is usually felt
by human patients, and the acupuncturist feels a change in
the resistance to needle movement, when a needle stimulates
an acupuncture point.

In humans, the De-Qi sensation may be described as soreness,
numbness, warmth, heaviness, or distension around the area
where a needle is inserted. Sometimes this sensation radiates
along the pathway of the meridian to which the stimulated point
belongs. An experienced practitioner also feels tightness and
some heaviness in the fingers when the needle hits the point.22

This change in needle resistance coupled with the animal’s reac-
tion to needle placement is what most veterinary acupuncturists
rely on to assess the attainment of De-Qi sensation. Most human
and veterinary acupuncturists consider De-Qi sensation to be
crucial in achieving the effect of acupuncture.22–24

The descriptions of the diameter and depth of acupuncture
points vary among various species. Traditionally, the size de-
pends on the individual point, the patient’s condition, the time of
day, and possibly the season. The depth depends on the amount
of hair on the patient, skin thickness (e.g., the thin skin of cats
versus the rather thick skin of stallions), location of the point, and
duration of the disease.21,22 In veterinary acupuncture, most clin-
ically used points in most species are believed to be 3 to 15 mm
below the skin surface.

Point Stimulation
Traditional Chinese acupuncture teaches that each point has spe-
cific functions and indications for use. For example, stimulation
of certain acupuncture points distant from the source of pain can
provide analgesia, whereas stimulation of inappropriately se-
lected points in close proximity to the source of pain might be in-
effective or even aggravate the symptoms. Stimulation of site-
specific acupoints usually induces spatially restricted analgesia.
Although this aspect of acupuncture has yet to be studied in de-
tail, Benedetti et al.25 demonstrated that, in people, placebo or
treatment expectation provides an analgesic response with a
highly spatial presentation, which is completely abolished by
systemic naloxone administration. These data indicate that this
type of analgesic response is mediated by endogenous opioid re-
lease but that the effect is regional rather than systemic.
Acupuncture might manifest a similar mechanism of action. Li et
al.26 demonstrated that acupuncture stimulation of the ipsilateral
Huantiao (GB 30) point, which is traditionally thought to be ef-
fective in treating pain in the lower limbs, including sciatica pain,
significantly inhibits nociceptive responses of spinal dorsal horn
neurons evoked by stimulation of the sural nerve in rats. In con-
trast, stimulation of the contralateral Huantiao (GB 30) and some
other points produce much less, if any, inhibition.

Cho et al.,5 using functional MRI, demonstrated a correlation
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between activation of specific areas of the brain and correspon-
ding acupoint stimulation predicted by ancient acupuncture liter-
ature. In this study, acupuncture points belonging to the bladder
meridian and located on the foot were stimulated. These points
are traditionally related to the eyes and visual function. The in-
vestigators also demonstrated activation or deactivation of signal
intensity in the visual cortex. A subsequent study confirmed this
finding and demonstrated activation of visual and auditory cortex
caused by electroacupuncture stimulation of eye-related points
and ear-related points, respectively.8 However, electroacupunc-
ture at sham points also elicited activation in the auditory corti-
cal zone, suggesting that acupuncture-induced activation of me-
dial occipital cortex and superior temporal gyrus may not be an
acupoint-specific phenomenon.

Point specificity was also questioned in another functional
MRI study by Cho et al.,27 where meridian and sham acupunc-
ture were both involved in the transmission and perception of
pain. Meridian acupuncture demonstrated more profound pain
control than did sham-point stimulation, but the effect may not
have been entirely point specific. Point specificity, as stated in
traditional acupuncture literature and demonstrated by clinical
practice and some experimental studies, is not fully supported by
other studies and therefore remains a controversial issue. For any
species being treated with acupuncture therapy, only careful sys-
tematic research using site-, organ-, and function-specific
acupuncture points with carefully selected sham control points
can resolve this issue.

Mechanisms of Analgesic Action
Starting in the 1960s, Western-trained Chinese physicians began
to study acupuncture analgesia, particularly acupuncture-induced
physiological changes in the central nervous system (Fig. 24.1).
This, and subsequent research in Western countries, resulted in
the discovery of several plausible mechanisms of acupuncture
analgesia, receptors, and several endogenous opioids involved in
the process; hence, a comprehensive hypothesis of acupuncture
analgesia was formed. Experimental studies on animals and clin-
ical studies on humans have since identified numerous clinical
and physiological responses to acupuncture stimulation.

Comprehensive Mechanism Theory
Based on a review of hundreds of modern scientific studies on
acupuncture analgesia, Pomeranz and Stux2 proposed a compre-
hensive mechanism of action for acupuncture analgesia. The
basis for the theory is that three mechanisms contribute to
acupuncture analgesia:

1. Acupuncture needles stimulate type I and type II afferent
nerves or A-� fibers in muscles, all of which send impulses to the
anterolateral tract of the spinal cord. At the spinal cord, pain is
blocked presynaptically by the release of enkephalin and dynor-
phin, preventing pain messages from ascending in the spinothal-
amic tract.

2. Acupuncture stimulates midbrain structures by activating
cells in the periaqueductal gray matter and the raphe nucleus.

They in turn send descending signals through the dorsolateral
tract, causing the release of the monoamines norepinephrine and
serotonin in the spinal cord. These neurotransmitters inhibit pain
presynaptically and postsynaptically by reducing transmission of
signals through the spinothalamic tract (diffuse noxious in-
hibitory control).

3. Stimulation in the pituitary-hypothalamic complex pro-
vokes systemic release of ß-endorphin into the bloodstream from
the pituitary gland. Its release is accompanied by the release of
adrenocorticotropic hormone.

The National Institutes of Health and National Commission
for Complementary and Alternative Medicine have also sug-
gested three possible mechanisms of action for acupuncture:

1. Conduction of electromagnetic signals that may start the flow
of endogenous analgesic compounds and immune system
cells to specific areas of the body that are injured.

2. Activation of the opioid systems in central nervous system
and peripheral tissues.

3. Changes in brain chemistry, sensation, and involuntary bod-
ily functions.

These mechanisms are supported by the observations that con-
ditions that have the best responses to acupuncture include pain,
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Fig. 24.1. Pain pathway and mechanism of inhibition by acupunc-
ture (AP) and percutaneous acupuncture electrical stimulation (PAES).
The release and binding of endorphin and serotonin (5-hydroxytrypt-
amine [5HT]) inhibits substance P release in the substantia gelatinosa
that normally mediates pain transmission within the spinal cord.



immune-related dysfunctions, and visceral dysfunctions. Con-
ditions that are not reversible, functional conditions (end-stage
disease) often respond poorly to acupuncture, although occasion-
ally symptomatic improvement may be observed.

Nociceptors
A-� fibers are activated by pinprick, pressure, thermal manipula-
tion, and high-threshold ergo receptors in muscles. A-� fibers
provide rapid, precisely located identification of noxious stimu-

lation without affective response. Some of these fibers terminate
on the rostral reticular formation and thalamus. From there, they
pass forward to the arcuate nucleus of the hypothalamus and on
to the prefrontal cortex.24 Myelinated A-� fibers are considered
the most likely candidates for conveying acupuncture stimuli, but
other fibers, including nonmyelinated C fibers and A-ß fibers,
may contribute (Fig. 24.2). C fibers, which are ontogenetically
older, produce pain described as slow, deep, throbbing, and dull.
This sort of pain is often accompanied by a strong affective com-
ponent. Therefore, noxious stimulation by the C-fiber system
leads to a perception of pain that is poorly localized but has con-
siderable behavioral and emotional impact. These fibers prima-
rily make synaptic contacts in substantia gelatinosa in lamina II.
Different kinds of fibers are involved in different components of
the De-Qi sensation.28 Because different modalities of acupunc-
ture stimulation produce different types of De-Qi sensation, they
may trigger diverse brain networks, based on their activation of
various types of afferent input.6

The Brain
Acupuncture influences on regional brain activity were elabo-
rated by Wu et al.,7 who reported that acupuncture at two major
points, Zusanli (ST 36 [Fig. 24.3]) and Hegu (LI 4 [Fig. 24.3]),
activates the hypothalamus and nucleus accumbens on functional
MRI and deactivates the rostral part of the anterior cingulate cor-
tex, amygdala, and hippocampal complex. In contrast, control
stimulation by superficial needling that did not elicit the De-Qi
sensation did not alter regional brain activity. Therefore, acu-
puncture at major points with strong analgesic properties seems
to activate structures of the descending antinociceptive path-
way and to deactivate multiple limbic areas subserving pain as-
sociation.
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Fig. 24.2. Different-diameter nerve fibers have differing characteris-
tics enabling waveform stimulation neuroselectivity. Large-diameter
myelinated (A-ß) fibers can respond to high, 100-Hz stimulus,
whereas small nonmyelinated (C) fibers respond to low-frequency
stimulation (2 to 10 Hz).

Fig. 24.3. The anatomical location of vari-
ous acupuncture points, including the Zusanli
(ST-36) and Hegu (LI-4) points, that can pro-
duce analgesia in dogs.



Other Potential Mechanisms
Acupuncture not only provokes release of endogenous opioids
from central nervous system stores, but may also activate other
analgesic mechanisms. For example, acupuncture may relieve
pain by modulating the hypothalamic-limbic system.4,8 Biella et
al.4 used positron-emission tomographic scans in healthy volun-
teers who were not experiencing any pain to evaluate regional
cerebral blood flow in response to classic manual acupuncture
stimulation of the Zusanli (ST 36) and Qize (LU 5) acupuncture
points. The researchers demonstrated activation of the left anterior
cingulum, the insulae bilaterally, the cerebellum bilaterally, the
left superior frontal gyrus, and the right medial and inferior frontal
gyri. Several imaging studies indicate that the same structures are
activated by acute and chronic pain.29–32 Placebo acupuncture
(needles inserted superficially into nonacupuncture points 1 cm
lateral to each acupoint and then immediately extracted) also pro-
duced a degree of cerebral activation, but at areas differing from
those activated by traditional acupuncture points. Cho et al.27 had
similar results. All the structures that were activated by acupunc-
ture are also involved in nociceptive processing and play a role in
the concept of the neuromatrix as proposed by Melzack.33 Biella
et al.4 proposed that, according to this concept, acupuncture can be
thought of as a conflicting message in the pain neuromatrix, un-
balancing it and thus modifying the perception of pain.

An interesting theory has been proposed suggesting an impor-
tant integrative role of connective tissue in the mechanism of
action of acupuncture.34 Langevin and Yandow35 found 80% cor-
respondence between acupuncture points and the location of in-
tramuscular connective tissue planes in postmortem tissue sec-
tions. According to this theory, needle manipulations lead to the
development of coupling between needle and tissue, with subse-
quent transduction of the mechanical signal to a cellular response
that may underlie some of the therapeutic effects of acupuncture
both locally and distally.

Acupuncture analgesia leads to development of tolerance
when applied continuously or repeatedly over short time inter-
vals. It would be reasonable to speculate that when acupuncture
stimulation releases endogenous opioids to exert an analgesic ef-
fect, it also provokes the release of antianalgesic substances.
Cholecystokinin is a powerful antagonist of the analgesic effect
of acupuncture, and cholecystokinin antisense RNA increases the
analgesic effect induced by acupuncture.36–40

Many studies have focused on the analgesic effects of acu-
puncture and the role of endogenous opioids in acupuncture anal-
gesia. However, acupuncture stimulation produces a much
broader spectrum of systemic responses, including altering the
secretion of neurotransmitters and neurohormones and changing
the central and peripheral regulation of blood flow. There are also
data suggesting that acupuncture alters immune function and ac-
celerates nerve regeneration.24,41,42 The mechanisms of these
physiological responses remain unclear.

Types of Acupuncture
Invasive methods include skin penetration with an acupuncture
needle with subsequent manual stimulation of needles, elec-

troacupuncture, or chronic intradermal needle insertion. These
methods are considered dry needle techniques. Drugs can be in-
jected into acupoints, a technique considered wet needle acu-
puncture or aquapuncture. Noninvasive methods include acu-
pressure, transcutaneous electrical stimulation, moxibustion, and
application of various stimulating patches and pellets.

Because the traditional theory of acupuncture is based on the
concept that diseases are caused by an imbalance of Qi, the goal
of needle insertion is, in the context of TCM, to disperse exces-
sive Qi or to replenish it. These two goals can be achieved by sev-
eral means: applying needles of different sizes or lengths, using
needles made of different material, changing the direction of nee-
dle insertion, selecting different points for stimulation, and so
forth. For strong stimulation, a bigger needle, more intense nee-
dle manipulation, or directing the needle tip against the hypothet-
ical energy flow along the meridian is believed to disperse the ex-
cessive energy, whereas for mild stimulation, a smaller needle,
gentle and more superficial needle insertion, or directing the nee-
dle toward the energy flow is used to replenish it. Manual stimu-
lation techniques can be altered to provide the desired effect by
using strong vertical up-and-down movements, rotational move-
ments, or mild vibrating movements, for example. Some practi-
tioners believe that selecting the proper acupuncture maneuvers
and appropriate points is key to producing a satisfactory thera-
peutic effect. Consistent with this theory, Chen et al.43 demon-
strated that different manual needling maneuvers provide dif-
ferent responses on tail-flick latency and vocalization threshold
in rats.

Electrical Stimulation
Electrical stimulation of acupuncture points (electroacupunc-
ture) was developed as an alternative to manual stimulation of
acupuncture points. Electrical stimulation has several advantages
in that it (a) is less painful than manual stimulation, (b) requires
less practitioner time directly spent with the patient, (c) provides
better analgesia, and (d) facilitates standardization.44 Transcutan-
eous and percutaneous electrostimulation are now the most com-
mon types of acupuncture analgesia performed in people (Fig.
24.4).45

In humans, the De-Qi sensation depends on the type of
acupuncture stimulation. Manual stimulation produces mainly
soreness, fullness, and distension, whereas electroacupuncture
generally produces tingling and numbness. Kong et al.6 report
that manual acupuncture manipulations decrease fMRI signals,
in contrast to electroacupuncture stimulation, which generally in-
creases MRI signal intensity. Both types of stimulation, however,
produce analgesia. Therefore, various stimulation modalities
seem to trigger different brain networks, depending on how acu-
points are stimulated. How various stimulation modalities influ-
ence brain networks in companion animal species such as dogs
and cats has not been evaluated.

Electroacupuncture with high-frequency stimulation (100 to
200 Hz) provides rapid-onset analgesia that is not cumulative and
cannot be blocked by naloxone. This type of analgesia is proba-
bly mediated by norepinephrine, serotonin, and dynorphins.46 In
contrast, low-frequency stimulation (2 to 4 Hz) and medium-
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frequency stimulation (15 to 30 Hz) produce an analgesic effect
that is reversed by naloxone (and therefore presumably mediated
by enkephalin and endorphins), have a tendency to accumulate,
and last at least 1 h after treatment ceases.44,46 Reportedly, an-
tinociception induced by low-frequency stimulation is mediated
by both µ opioid and � opioid receptors; high-frequency elec-
troacupuncture stimulation induces antinociception mediated by
� opioid receptors; and medium-frequency stimulation (e.g., 30
Hz) induces antinociception mediated by all three opioid recep-
tor types.47

Needles
Most modern acupuncture needles are made of stainless steel, al-
though needles made of gold or silver are also available (Fig.
24.5). Most acupuncture needles are between 1.3 and 12.7 cm
long and range from 26 to 36 gauge in diameter. The tips of the
needles are rounded and thus separate fibers rather than cutting
tissues. For this reason, even capillary bleeding from an acupunc-
ture site is rare unless a needle accidentally penetrates a vessel.
In the treatment of human patients, special needles have been de-
veloped for intradermal use, auricular acupuncture, and hand and
foot acupuncture.

Veterinary Acupuncture
Probably the most commonly treated species is the dog, although
historically, equine acupuncture was more widely used because
horses were important for the daily survival of people (similar to
the history for Western veterinary medicine). Dogs tend to be co-
operative, and most relax during the treatment. If an animal be-
comes severely distressed, it is unlikely that the treatment will
have the desired effect. The most commonly treated problems are
related to the musculoskeletal system. It is important for begin-
ners to recognize that pain and disuse in many musculoskeletal
diseases—especially chronic degenerative diseases, including
low-grade intervertebral disk disease—often wax and wane. This
coupled with the placebo effect would suggest that some of pa-
tients treated (whether with acupuncture or nonsteroidal anti-
inflammatory drugs [NSAIDs]) should improve, at least for a
while. One should be careful to not interpret a positive response
as possession of superior TCM skills. However, some scientific
evidence supports the use of acupuncture alone or in conjunction
with other Western treatments such as NSAIDs.48,49 Other com-
mon uses for acupuncture in canine patients include treatment of
signs associated with chronic diseases such as cancer, nervous
system degeneration, and organ failure, such as chronic renal dis-
ease. Unless functional tissue is present, reversal of the course of
disease is unlikely. Acupuncture cannot miraculously regenerate
tissue. Owners should be educated on what the treatment capa-
bilities are of any form of therapy before administering it.50

Based on experiences with horses and needles, it would not be
expected that they are good patients for acupuncture. However,
horses tend to relax with treatment and often do not respond
much to needle placement. The veterinary acupuncturist should
use common sense, and care is required anytime one is working
around a large animal capable of lethal force. For example, al-
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Fig. 24.4. A package of ten sterile acupuncture needles (top left) for
single use. Pointer-plus handheld unit for electrically locating and
stimulating transcutaneous points (transcutaneous electrical nerve
stimulation) (top middle). Acu-Vet unit for stimulating acupuncture
points transcutaneously (top right). Electroacupuncture Unit IC 4107
for locating and stimulating acupuncture points percutaneously (per-
cutaneous acupuncture electrical stimulation). There is little standard-
ization of acupuncture equipment because it is manufactured in sev-
eral different countries.

Fig. 24.5. Most good-quality needles are manufactured in China,
Japan, or South Korea. They should be sterilized at 120°C for 30 min
at 15 pounds of pressure before each use, especially for percuta-
neous acupuncture electrical stimulation therapy.



though acupuncture points are described all over the equine 
body, few practitioners routinely use points between or behind
the rear legs.

Equine acupuncture is commonly used as a treatment for med-
ical colic, lameness, performance issues, and behavioral prob-
lems. One should realize that using acupuncture as the sole treat-
ment for a surgical colic likely constitutes malpractice unless the
owners do not consent to surgery. Western therapies should al-
ways be used when they are considered the established standard
of care. Acupuncture is being increasingly used for the sympto-
matic treatment of postoperative ileus in horses with little docu-
mentation of its efficacy.

Acupuncture has been used in almost all species. Although
species-specific diagrams may not be available, an understanding
of anatomy will often help veterinary acupuncturists locate the
transpositional points. Theory remains the same except that one
should realize that there are relative differences in the normal char-
acteristics of different species. Before agreeing to treat any species,
acupuncturists must weigh the perceived benefits and the potential
distress induced in transport and treatment. Some zoos consult
with acupuncturists because the animals are frequently handled
and can be safely restrained by keepers in a relatively stress-free
manner. On the other hand, animals that never leave their familiar
surroundings may be severely stressed by the whole exercise.

Owners should be informed about the complications and con-
traindications to treatment.50 Complications are rare, but include
infection, tissue or organ trauma, and needle breakage.
Acupuncture needles are extremely flexible and strong, so break-
age is rare. It is more common for hypodermic needles to break.
An animal’s behavior can change after treatments, so owners
should be educated on what to expect. Some practitioners have
suggested that acupuncture treatment can be problematic in can-
cer patients. Increased blood flow and needle trauma might spread
cancer. However, many people find acupuncture useful for symp-
tomatic treatment of paraneoplastic conditions. Acupuncture-
associated stress and physiological responses can cause extremely
ill animals to decompensate. It is suggested that very ill animals
be treated very conservatively at first until they can tolerate more
aggressive treatment. Implants for chronic acupoint stimulation
(e.g., gold beads) should not be used when animals are subject to
prepurchase examinations (mostly horses). The beads will show
up on radiographs and are usually diagnostic for preexisting lame-
ness. Pregnancy can be a contraindication to acupuncture, because
it is believed that stimulating points distal to the elbow and knee
may induce labor.

Application in a Perioperative Setting
Perioperative acupuncture and related techniques have been ad-
vocated for preoperative sedation, to reduce intraoperative opioid
use, and to decrease postoperative pain. There is compelling ev-
idence that acupuncture reduces postoperative nausea and vomit-
ing in human patients, and it has been used to decrease vomiting
associated with opioid administration to dogs. It may also stabi-
lize cardiac function and ameliorate some consequences of anes-
thesia and surgery.

Mann51 proposed the theory that diseased organs have a re-
duced response threshold to stimuli, whereas a considerable
stimulus is needed to alter the function of a healthy organ.
Therefore, just the small stimulus of an acupuncture needle may
treat severe disease, whereas a comparable stimulus normally
produces little or no effect in healthy volunteers.51 To some ex-
tent, then, perioperative acupuncture contradicts a traditional
principle of acupuncture philosophy in that its goal is to achieve
an abnormal insensitivity to pain and reduced awareness and con-
cern. Perioperative acupuncture can be divided into three com-
ponents: preoperative preparation, intraoperative acupuncture-
assisted anesthesia, and postoperative care.

Preoperative Preparation
The goals of preoperative preparation with acupuncture are to
optimize the conditions for patients, reduce preoperative anxiety,
and trigger release of endogenous opioids to enhance analgesia.
One way that acupuncture might help preoperative preparation is
by producing relaxation and sedation. For example, Ekblom et
al.52 demonstrated that although acupuncture did not produce in-
traoperative and postoperative analgesia for dental surgery in hu-
mans, it caused significant relaxation and drowsiness. Ulett et
al.44,53 reported that electroacupuncture to classic acupoints is
associated with a deep calming effect. In people, postoperative
pain intensity and consumption of postoperative analgesics both
correlate with the amount of anxiety that patients experience.54,55

Intraoperative Assisted Anesthesia
Reduction in volatile anesthetic or opioid requirement is a clini-
cally important outcome because it can reduce anesthetic toxic-
ity and duration of recovery. Evidence suggests that inadequately
treated pain, even during general anesthesia, activates nocicep-
tive pathways.56 Subsequent release of local mediators then
primes the nociceptive system and aggravates postoperative
pain.57 To the extent that intraoperative acupuncture inhibits ac-
tivation of nociceptive pathways and provides analgesia, it may
similarly reduce postoperative pain and the requirement for post-
operative opioids.

It is important to emphasize that acupuncture does not provide
true anesthesia or unconsciousness, because it preserves all nor-
mal sensory, motor, and proprioception sensations. It does not
provide adequate muscle relaxation or suppress autonomic re-
flexes caused by intra-abdominal visceral pain.58 Instead, acu-
puncture produces analgesia and sedation as long as patients are
cooperative.59–63 For these reasons, acupuncture cannot be rec-
ommended for use as a sole anesthetic technique in veterinary
patients.

Acupuncture is relatively safe and, in combination with con-
ventional anesthetic techniques, can reduce the required dose of
opioids. It has been suggested that acupuncture facilitates more
comfortable postoperative conditions than does anesthesia
alone.60,64 Questionable results, however, were obtained by Sim
et al.58 in a blinded, randomized, placebo-controlled study on the
effect of electroacupuncture on intraoperative alfentanil and mor-
phine consumption during gynecologic surgery. Patients received
true acupuncture or placebo acupuncture (continued throughout
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surgery), or they received no preoperative treatment and acu-
puncture postoperatively (continued for 45 min). Intraoperative
alfentanil consumption was similar in the acupuncture and con-
trol groups but was significantly greater (P = 0.024) in the group
that received acupuncture postoperatively. This finding may in-
dicate a treatment-expectation placebo effect accompanied by
endogenous opioid release in both control and preoperative acu-
puncture groups, rather than an acupuncture effect, although
endogenous opioid concentrations were not measured.
Acupuncture-induced postoperative analgesia in the preoperative
acupuncture group was obvious during the first 6 to 12 h postop-
eratively. However, cumulative 24-h, patient-controlled analgesia
consumption of morphine was not significantly less in the
acupuncture-treated groups than in the placebo groups. The in-
ability of acupuncture to reduce the 24-h morphine consumption
can possibly be explained by the analgesic effect of a single elec-
troacupuncture session lasting only 2 to 3 h.65

Acupuncture might decrease volatile anesthetic requirements.
In an experimental setting, electroacupuncture produces a small,
but statistically significant, reduction in halothane requirement in
anesthetized dogs.66 Similar results have been recently observed
by Culp et al.67 when using electroacupuncture during isoflurane
anesthesia but not when using manual needle stimulation. Electro-
acupuncture therapy decreased isoflurane requirement (minimum
alveolar concentration) by 10%. An advantage of evaluating
acupuncture during general anesthesia is that it enables full blind-
ing without resorting to sham stimulation. In three volunteer stud-
ies, anesthetic requirement with and without acupuncture was de-
termined by the Dixon up-and-down method and defined by the
average desflurane concentration required to prevent purposeful
movement of the extremities in response to noxious electrical
stimulation.68–70 The first study was a crossover, double-blinded,
placebo-controlled study in which Greif et al.68 showed that trans-
cutaneous electrical stimulation of the lateralization-control 
point near the ear tragus reduces anesthetic requirement for acute
noxious stimulation by 11% ± 7%. Acupuncture stimulation was
initiated after induction of general anesthesia. In the second study,
Taguchi et al.70 found that acupuncture initiated after induction of
general anesthesia reduced desflurane requirement by 8.5% ± 7%.
Auricular acupuncture was performed after induction of general
anesthesia with needles placed at the Shen Men, thalamus, tran-
quilizer, and master cerebral points on the right ear. In the third
volunteer trial, Morioka et al.69 tested the hypothesis that elec-
troacupuncture at the Zusanli (ST 36),Yanglingquan (GB 34), and
Kunlun (BL 60) acupuncture points on the leg decreased anes-
thetic requirement during electrical noxious stimulation on the
thighs. Desflurane requirement on the acupuncture (4.6% ± 0.6%)
and control (4.6% ± 0.8%) days did not differ. Acupuncture sig-
nificantly reduced anesthetic requirement in two of these three
volunteer trials, but neither reduction was clinically important.
This conclusion is consistent with that of a recent clinical study in
which patients given acupuncture-assisted anesthesia required
even more volatile anesthetic than did patients in the control
group.71 Available data therefore indicate that acupuncture has lit-
tle, if any, effect on anesthetic requirement. As might be expected,
manual stimulation of classic acupuncture points during surgery

did not influence pain scores or change intraoperative or postop-
erative analgesic requirements.72

Postoperative Pain Control
Acupuncture and related techniques can potentially serve as im-
portant adjuvants for pain control and for relieving opioid-related
adverse effects during the postoperative period. However, contro-
versial results, dissimilar study designs, and diverse modes of
acupuncture-point stimulation make it difficult to evaluate the
clinical importance of perioperative acupuncture analgesia across
a wide array of species. The results of few randomized, con-
trolled clinical trials on acupuncture-related postoperative pain
relief have been published in English. Interpretation of these
available studies is complicated by the fact that acupuncture suc-
cess depends on numerous factors, including adequate patient se-
lection and the acupuncturist’s knowledge and skill level.

Christensen et al.73 demonstrated that postoperative analgesic
requirement or pain was not reduced in human patients receiving
electroacupuncture before and during hysterectomy. However, in
this study, patients were also given relatively high doses of
meperidine for induction and intraoperative pain control. Opioid-
induced analgesia may have masked the putative benefit of elec-
troacupuncture.

In another study, acupuncture increased intraoperative dis-
comfort, postoperative pain, and consumption of analgesic after
dental surgery.52 In this study, local anesthesia was supple-
mented by preoperatively or postoperatively administered
acupuncture with manual stimulation. Both acupuncture groups
had increased consumption of pain medication and greater pain
rating postoperatively than did the control group.52 In addition,
patients from the preoperative acupuncture group needed more
local anesthetic than did patients from the other groups and ex-
pressed more distress during the surgical procedure. However,
patients in both acupuncture groups demonstrated significant
mental relaxation. There are several potential explanations for
these conflicting results: (a) The relaxing effect of acupunc-
ture might blunt the activation of a natural endogenous pain-
inhibiting system. (b) The vasodilatation induced by acupunc-
ture might have caused faster washout of the local anesthetic. (c)
The investigators might have used suboptimal acupoint selection
and stimulation technique.

In contrast, in a randomized, double-blinded, placebo-
controlled trial, Lao et al.74 demonstrated the efficacy of
acupuncture for reducing pain and postoperative analgesic con-
sumption after a similar oral surgery. The stimulated acupoints
and technique selected for this study were similar to those se-
lected for the previous study. An experienced acupuncturist per-
formed the procedure, in contrast to the previous study, where the
level of expertise of the person performing acupuncture was not
disclosed (it is not uncommon that acupuncture for research pur-
poses is performed by inexperienced personnel). Acupuncture or
a noninsertion placebo treatment was administered twice: imme-
diately after the surgical procedure and after the patient reported
moderate pain. The results showed that pain-free postoperative
time was significantly longer in the acupuncture group (173 min)
than in the placebo group (94 min) (P = 0.01), and the average

Acupuncture ● 691



pain medication consumption was significantly less in the acu-
puncture group.

As previously mentioned, in human patients, point selection
and mode of stimulation perform important roles in the outcome
of acupuncture for postoperative pain relief. It seems that differ-
ent components of postoperative pain respond to different com-
binations of acupuncture points. Shu points of the internal organs
are located bilaterally 3 cm lateral to the posterior midline. Shu
points are associated with the viscera and traditionally have been
used for treatment of internal organ diseases.20 Stimulation of
these points may alleviate pain associated with visceral organ
dysfunction (Fig. 24.6).20 For example, consumption of supple-
mental morphine is reduced by 50% and the incidence of postop-
erative nausea is reduced by 20% to 30% in acupuncture patients
undergoing upper or lower abdominal surgery.60 In this con-
trolled, double-blinded study, intradermal needles were inserted
paravertebrally in Shu points. All needles were inserted while pa-
tients were in the preinduction area. In addition to less morphine
consumption and postoperative nausea, patients with intradermal
acupuncture had better pain relief than did controls (P < 0.05).
Plasma cortisol and epinephrine concentrations were 30% to
50% less in the acupuncture group during recovery and on the
first postoperative day (P < 0.01).

Transcutaneous electrical nerve stimulation (TENS) near the
incision site significantly reduces postoperative pain.75 However,
this treatment seems to be most effective for the superficial cuta-

neous component of postoperative pain, leaving the deep visceral
pain component largely intact. It seems likely that high-
frequency TENS near the incision site mainly stimulates specific
afferent nerve fibers instead of triggering endogenous opioid-
release mechanisms.76,77 Combining TENS and stimulation of
viscera-associated Shu points in the treatment plan is therefore
promising for reducing postoperative superficial and deep vis-
ceral pain, respectively.

Both high-frequency and low-frequency electroacupuncture at
the Zusanli (ST 36) point performed 20 min immediately before
induction of anesthesia reduces morphine consumption after ab-
dominal surgery in human patients.61 This point is traditionally
considered effective for the treatment of abdominal disorders.
The high-frequency acupuncture group had a 61% reduction in
24-h patient-controlled analgesia morphine consumption. Pain
scores postoperatively did not significantly differ between
groups, but cumulative morphine consumption for the first 24 h,
number of patient-controlled analgesia demands, and intervals
for the first request for analgesic were significantly less in both
the high-frequency and low-frequency electroacupuncture
groups. The aforementioned parameters were also reduced in the
sham-acupuncture group compared with the control group, al-
though they were greater than in the acupuncture groups. This is
not surprising because sham acupuncture seems to have an anal-
gesic effect in 40% to 50% of patients compared with 60% to
70% for real acupuncture and 30% to 35% for placebo (con-
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Fig. 24.6. Equine Shu points located bilat-
erally 3 to 6 cm lateral to the midline can be
used to induce visceral analgesia in horses
with colic and visceral organ disease or dys-
function. Horses are typically treated at these
points with percutaneous acupuncture elec-
trical stimulation for colic pain.



trol).78 The extrapolation or translation of human clinical trial
findings to veterinary patients is controversial, although similar
responses and mechanisms of action are plausible.

Acupuncture for the treatment of postoperative nausea and
vomiting is one of its most common and investigated uses in
human patients. This application has not been adequately as-
sessed for use in animals during the perioperative period to date.
Acupuncture may reduce nausea and vomiting through endoge-
nous ß-endorphin release into the cerebral spinal fluid or through
a change in serotonin transmission via activation of seritonergic
and noradrenergic fibers.79,80 The exact mechanisms have yet to
be established.

Miscellaneous Perioperative Uses
Cardiopulmonary Resuscitation
In a study using 35 dogs anesthetized with halothane, acupuncture
reversed cardiovascular depression induced by morphine and
halothane. Acupuncture at point Jen Chung (GV 26) significantly
increased cardiac output, stroke volume, heart rate, mean arterial
pressure, and pulse pressure while simultaneously significantly
decreasing total peripheral resistance and central venous pressure.
The authors concluded that stimulation of the GV 26 acupoint
could be helpful in resuscitating patients whose cardiovascular
system is depressed by opioids and volatile anesthetics.81

GV 26 (also called Renzhong) is in the midline of the nasal
philtrum, one-third of the way from the nose to the edge of the
upper lip. The point is in the center of the horizontal line joining
the lower edge of the nostrils. GV 26 has many clinical uses, the
best known being its use in emergencies (coma, shock, apnea,
anesthetic emergencies, drowning, etc.).

In human patients, the Neiguan (P 6) point has long been con-
sidered a primary point for treatment of various cardiovascular
diseases.21 It has been shown to be effective as an adjunct thera-
peutic modality in conservative treatment of severe angina pec-
toris.82 Electroacupuncture at Neiguan (P 6) was effective in
maintaining the hemodynamics and cardiac contractility in anes-
thetized open-chest dogs.83 End-diastolic volume was main-
tained and even slightly increased in comparison with the control
group, in which end-diastolic volume gradually decreased over
11/2 h; stroke volume and cardiac output also slightly increased
compared with the control group. The end-systolic pressure and
end-systolic elastance increased markedly in the Neiguan (P 6)
acupuncture group. No analogous data support acupuncture-in-
duced cardiovascular benefits in human patients, an obvious pre-
requisite to clinical application of the technique.

Impaired Intestinal Function
A major side effect of general anesthesia and opioid administra-
tion for postoperative pain control is the impairment of intestinal
function.84 To the extent that intraoperative and postoperative
acupuncture for pain relief decreases perioperative opioid con-
sumption, it may be beneficial for indirectly speeding postopera-
tive recovery of intestinal function.60 Acupuncture treatment has
also been shown to promote postoperative recovery of impaired
intestinal function after abdominal surgery in people.85

Acupuncture for the treatment of ileus in horses is becoming

more common, and practitioner consensus indicates that it may
be effective in some horses.

General Principles of Acupuncture
Analgesia
Patient Selection
Acupuncture in people is more effective in young adults than in
the elderly. Small children are usually poor candidates for
acupuncture-assisted anesthesia and analgesia with needles sim-
ply because they are rarely willing to cooperate with the acu-
puncturist. The same can probably be said for veterinary patients.
However, choosing patients wisely and having their owner’s con-
sent and help will improve the chances for successful therapy.
Obviously, acupuncture is not suitable for moribund preoperative
patients because acupuncture is less effective in decompensated
patients.11

Point Selection
According to traditional Chinese theory, certain rules and prin-
ciples are generally applied when selecting points for acupunc-
ture treatment. First, appropriate meridians should be selected,
and then appropriate points on these meridians should be stimu-
lated. For example, for postoperative pain control, a meridian
that passes through the surgical area or close to the surgical area
is usually selected. Also, according to the organ phenomena
concept of TCM, the lung commands the skin. Consequently,
stimulation of acupuncture points on the lung meridian can pro-
vide analgesia for surgical skin incisions. Similarly, the liver
meridian commands the eyes, making the liver meridian ideal
for ophthalmologic surgery. Whether these relationships hold
true for acupuncture therapy in companion animal species is
speculative.

Needling of points that easily produce a strong De-Qi sensa-
tion is thought to provide better analgesia. Conversely, analgesia
is often poor at needling points that produce weak De-Qi re-
sponse or in which the sensation is difficult to obtain. When se-
lecting acupuncture points, one must consider convenience as
well as the patient’s comfort. Points located below the knee or
elbow are usually selected during surgery. Points located on the
ear are often selected for acupuncture during the perioperative
period. After the locus point is identified, auxiliary points may be
added.28

Summary
Acupuncture is increasingly being incorporated into veterinary
medicine and more specifically pain management.86 Acupunc-
ture and related analgesic techniques are being widely used in
conventional human medical settings, as well. Accordingly, the
number of owners willing to use or specifically request acupunc-
ture techniques for their pets is likely to increase. However, de-
spite more than 30 years of research, the exact mechanisms of ac-
tion and efficacy of specific acupuncture techniques have yet to
be completely established. Consequently, considerable contro-
versy remains about the role of acupuncture in both human and
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veterinary clinical medicine. Nevertheless, it should be remem-
bered that the how is not as important to the patient as is the out-
come. Although an exact explanation for the mechanisms may
not yet exist, it seems reasonable to continue to explore acupunc-
ture’s potential as an adjuvant to proven analgesic and anesthetic
techniques in both people and animals.

References
01. Bouevitch V. Microacupuncture systems as fractals of the human

body. Med Acupunct 2003;14:14–16.
02. Pomeranz B, Stux G, eds. Scientific Bases of Acupuncture. Berlin:

Springer-Verlag, 1987.
03. Reston J. Now, let me tell you about my appendectomy in Peking.

New York Times, July 26, 1971:A1, A6.
04. Biella G, Sotgiu ML, Pellegata G, Paulesu E, Castiglioni I, Fazio F.

Acupuncture produces central activations in pain regions. Neuro-
image 2001;14:60–66.

05. Cho ZH, Oleson TD, Alimi D, Niemtzow RC. Acupuncture: The
search for biologic evidence with functional magnetic resonance im-
aging and positron emission tomography techniques. J Altern
Complement Med 2002;8:399–401.

06. Kong J, Ma L, Gollub RL, et al. A pilot study of functional magnetic
resonance imaging of the brain during manual and electroacupunc-
ture stimulation of acupuncture point (LI-4 Hegu) in normal subjects
reveals differential brain activation between methods. J Altern
Complement Med 2002;8:411–419.

07. Wu MT, Hsieh JC, Xiong J, et al. Central nervous pathway for
acupuncture stimulation: Localization of processing with functional
MR imaging of the brain: Preliminary experience. Radiology 1999;
212:133–141.

08. Wu MT, Sheen JM, Chuang KH, et al. Neuronal specificity of
acupuncture response: A fMRI study with electroacupuncture.
Neuroimage 2002;16:1028–1037.

09. National Institutes of Health (NIH). Acupuncture. NIH Consensus
Statement, 1997;15(5):3. http://consensus.nih.gov/cons/107/107_
statement.pdf.

10. Bossut DF, Page EH, Stromberg MW. Production of cutaneous anal-
gesia by electroacupuncture in horses: Variations dependent on sex
of subject and locus of stimulation. Am J Vet Res 1984;45:620–625.

11. Masayoshi H. Ryodoraku Treatment: An Objective Approach to
Acupuncture. Osaka: Naniwasha, 1990.

12. Quan LB. Optimum Time for Acupuncture: A Collection of
Traditional Chinese Chronotherapeutics. Jinan: Shandong Science
and Technology, 1988.

13. Bossut DF, Mayer DJ. Electroacupuncture analgesia in naive rats:
Effects of brainstem and spinal cord lesions, and role of pituitary-
adrenal axis. Brain Res 1991;549:52–58.

14. Bossut DF, Mayer DJ. Electroacupuncture analgesia in rats:
Naltrexone antagonism is dependent on previous exposure. Brain
Res 1991;549:47–51.

15. Bossut DF, Huang ZS, Sun SL, Mayer DJ. Electroacupuncture in
rats: Evidence for naloxone and naltrexone potentiation of analge-
sia. Brain Res 1991;549:36–46.

16. Astin JA, Marie A, Pelletier KR, Hansen E, Haskell WL. A review
of the incorporation of complementary and alternative medicine by
mainstream physicians. Arch Intern Med 1998;158:2303–2310.

17. Eisenberg DM, Davis RB, Ettner SL, et al. Trends in alternative
medicine use in the United States, 1990–1997: Results of a follow-
up national survey. J Am Med Assoc 1998;280:1569–1575.

18. Wang SM, Peloquin C, Kain ZN. Attitudes of patients undergoing
surgery toward alternative medical treatment. J Altern Complement
Med 2002;8:351–356.

19. Vincent C, Lewith G. Placebo controls for acupuncture studies. J R
Soc Med 1995;88:199–202.

20. Ellis A, Wiseman N, Boss K. Grasping the Wind. Brookline, MA:
Paradigm, 1989.

21. De Morant GS. Chinese Acupuncture (L’Acuponcture Chinoise).
Brookline, MA: Paradigm, 1994.

22. Lin JG. Studies of needling depth in acupuncture treatment. Chin
Med J (Engl) 1997;110:154–156.

23. Vincent CA, Richardson PH, Black JJ, Pither CE. The significance
of needle placement site in acupuncture. J Psychosom Res
1989;33:489–496.

24. Ernst E, White A. Acupuncture: A Scientific Appraisal. Oxford:
Butterworth-Heinemann, 1999.

25. Benedetti F, Arduino C, Amanzio M. Somatotopic activation of opi-
oid systems by target-directed expectations of analgesia. J Neurosci
1999;19:3639–3648.

26. Li CY, Zhu LX, Ji CF. Relative specificity of points in acupuncture
analgesia. J Tradit Chin Med 1987;7:29–34.

27. Cho Z-H, Son YD, Han J-Y, et al. fMRI neurophysiological 
evidence of acupuncture mechanisms. Med Acupunct 2003;14:
16–22.

28. Wang KM, Yao SM, Xian YL, Hou ZL. A study on the receptive
field of acupoints and the relationship between characteristics of
needling sensation and groups of afferent fibres. Sci Sin [B]
1985;28:963–971.

29. Casey KL. Forebrain mechanisms of nociception and pain: Analysis
through imaging. Proc Natl Acad Sci USA 1999;96:7668–7674.

30. Derbyshire SW, Jones AK, Gyulai F, Clark S, Townsend D,
Firestone LL. Pain processing during three levels of noxious stimu-
lation produces differential patterns of central activity. Pain
1997;73:431–445.

31. Andersson JL, Lilja A, Hartvig P, et al. Somatotopic organization
along the central sulcus, for pain localization in humans, as revealed
by positron emission tomography. Exp Brain Res 1997;117:
192–199.

32. Peyron R, Laurent B, Garcia-Larrea L. Functional imaging of brain
responses to pain: A review and meta-analysis (2000). Neurophysiol
Clin 2000;30:263–288.

33. Melzack R. From the gate to the neuromatrix. Pain 1999;82(Suppl
6):S121–S126.

34. Langevin HM, Churchill DL, Cipolla MJ. Mechanical signaling
through connective tissue: A mechanism for the therapeutic effect of
acupuncture. FASEB J 2001;15:2275–2282.

35. Langevin HM, Yandow JA. Relationship of acupuncture points and
meridians to connective tissue planes. Anat Rec 2002;269:257–265.

36. Han J. Central neurotransmitters and acupuncture analgesia. In:
Pomeranz B, Stux G, eds. Scientific Bases of Acupuncture. Berlin:
Springer-Verlag, 1987:7–33.

37. Han JS, Li SJ, Tang J. Tolerance to electroacupuncture and its cross
tolerance to morphine. Neuropharmacology 1981;20:593–596.

38. Han JS. Cholecystokinin octapeptide (CCK-8): A negative feedback
control mechanism for opioid analgesia. Prog Brain Res 1995;105:
263–271.

39. Han JS, Ding XZ, Fan SG. Cholecystokinin octapeptide (CCK-8):
Antagonism to electroacupuncture analgesia and a possible role in
electroacupuncture tolerance. Pain 1986;27:101–115.

40. Tang NM, Dong HW, Wang XM, Tsui ZC, Han JS. Cholecystokinin
antisense RNA increases the analgesic effect induced by elec-

694 ● Selected Anesthetic and Analgesic Techniques



troacupuncture or low dose morphine: Conversion of low responder
rats into high responders. Pain 1997;71:71–80.

41. Pomeranz B. Acupuncture research related to pain, drug addiction
and nerve regeneration. In: Pomeranz B, Stux G, eds. Scientific
Bases of Acupuncture. Berlin: Springer-Verlag, 1987:35–52.

42. Chen YS, Yao CH, Chen TH, et al. Effect of acupuncture stimulation
on peripheral nerve regeneration using silicone rubber chambers.
Am J Chin Med 2001;29:377–385.

43. Chen ZQ, Xu W, Yan YS, Chen KY. Different effects of reinforcing
and reducing manipulations in acupuncture assessed by tail-flick la-
tency, vocalization threshold and skin temperature in the rat. J Tradit
Chin Med 1987;7:41–45.

44. Ulett GA, Han S, Han JS. Electroacupuncture: Mechanisms and
clinical application. Biol Psychiatry 1998;44:129–138.

45. Han JS, Terenius L. Neurochemical basis of acupuncture analgesia.
Annu Rev Pharmacol Toxicol 1982;22:193–220.

46. Cheng RSS. Neurophysiology of acupuncture analgesia. In:
Pomeranz B, Stux G, eds. Scientific Bases of Acupuncture. Berlin:
Springer-Verlag, 1987:53–78.

47. Chen XH, Geller EB, Adler MW. Electrical stimulation at traditional
acupuncture sites in periphery produces brain opioid-receptor-
mediated antinociception in rats. J Pharmacol Exp Ther 1996;277:
654–660.

48. Vas J, Mendez C, Perea-Milla E, et al. Acupuncture as a comple-
mentary therapy to the pharmacological treatment of osteoarthritis
of the knee: Randomised controlled trial. BMJ 2004;329:1216.

49. Berman BM, Lao L, Langenberg P, Lee WL, Gilpin AM, Hochberg
MC. Effectiveness of acupuncture as adjunctive therapy in os-
teoarthritis of the knee: A randomized, controlled trial. Ann Intern
Med 2004;141:901–910.

50. Flemming DD, Scott JF. The informed consent doctrine: What vet-
erinarians should tell their clients. J Am Vet Med Assoc 2004;224:
1436–1439.

51. Mann F. Acupuncture: The Ancient Chinese Art of Healing and How
It Works Scientifically. New York: Vintage, 1972.

52. Ekblom A, Hansson P, Thomsson M, Thomas M. Increased postop-
erative pain and consumption of analgesics following acupuncture.
Pain 1991;44:241–247.

53. Ulett GA. Conditioned healing with electroacupuncture. Altern Ther
Health Med 1996;2:56–60.

54. Lim AT, Edis G, Kranz H, Mendelson G, Selwood T, Scott DF.
Postoperative pain control: Contribution of psychological factors
and transcutaneous electrical stimulation. Pain 1983;17:179–188.

55. Scott LE, Clum GA, Peoples JB. Preoperative predictors of postop-
erative pain. Pain 1983;15:283–293.

56. Melzack R, Coderre TJ, Katz J, Vaccarino AL. Central neuroplastic-
ity and pathological pain. Ann NY Acad Sci 2001;933:157–174.

57. Grubb BD. Peripheral and central mechanisms of pain. Br J Anaesth
1998;81:8–11.

58. Sim CK, Xu PC, Pua HL, Zhang G, Lee TL. Effects of elec-
troacupuncture on intraoperative and postoperative analgesic re-
quirement. Acupunct Med 2002;20:56–65.

59. Wang SM, Kain ZN. Auricular acupuncture: A potential treatment
for anxiety. Anesth Analg 2001;92:548–553.

60. Kotani N, Hashimoto H, Sato Y, et al. Preoperative intradermal
acupuncture reduces postoperative pain, nausea and vomiting, anal-
gesic requirement, and sympathoadrenal responses. Anesthesiology
2001;95:349–356.

61. Lin JG, Lo MW, Wen YR, Hsieh CL, Tsai SK, Sun WZ. The effect
of high and low frequency electroacupuncture in pain after lower ab-
dominal surgery. Pain 2002;99:509–514.

62. Stener-Victorin E, Waldenstrom U, Nilsson L, Wikland M, Janson
PO. A prospective randomized study of electro-acupuncture versus
alfentanil as anaesthesia during oocyte aspiration in in-vitro fertil-
ization. Hum Reprod 1999;14:2480–2484.

63. Wang B, Tang J, White PF, et al. Effect of the intensity of transcuta-
neous acupoint electrical stimulation on the postoperative analgesic
requirement. Anesth Analg 1997;85:406–413.

64. Kho HG, van Egmond J, Zhuang CF, Lin GF, Zhang GL. Acu-
puncture anaesthesia: Observations on its use for removal of thyroid
adenomata and influence on recovery and morbidity in a Chinese
hospital. Anaesthesia 1990;45:480–485.

65. Christensen PA, Noreng M, Andersen PE, Nielsen JW. Electro-
acupuncture and postoperative pain. Br J Anaesth 1989;62:258–262.

66. Tseng CK, Tay AA, Pace NL, Westenskow DR, Wong KC. Electro-
acupuncture modification of halothane anaesthesia in the dog. Can
Anaesth Soc J 1981;28:125–128.

67. Culp LB, Skarda RT, Muir WW III. Comparisons of the effects of
acupuncture, electroacupuncture, and transcutaneous cranial electri-
cal stimulation on the minimum alveolar concentration of isoflurane
in dogs. Am J Vet Res 2005;66:1364–1373.

68. Greif R, Laciny S, Mokhtarani M, et al. Transcutaneous electrical
stimulation of an auricular acupuncture point decreases anesthetic
requirement. Anesthesiology 2002;96:306–312.

69. Morioka N, Akca O, Doufas AG, Chernyak G, Sessler DI. 
Electroacupuncture at the Zusanli, Yanglingquan, and Kunlun points
does not reduce anesthetic requirement. Anesth Analg 2002;
95:98–102.

70. Taguchi A, Sharma N, Ali SZ, Dave B, Sessler DI, Kurz A. The ef-
fect of auricular acupuncture on anaesthesia with desflurane.
Anaesthesia 2002;57:1159–1163.

71. Kvorning N, Christiansson C, Beskow A, Bratt O, Akeson J. Acu-
puncture fails to reduce but increases anaesthetic gas required to
prevent movement in response to surgical incision. Acta Anaes-
thesiol Scand 2003;47:818–822.

72. Gupta S, Francis JD, Tillu AB, Sattirajah AI, Sizer J. The effect of
pre-emptive acupuncture treatment on analgesic requirements after
day-case knee arthroscopy. Anaesthesia 1999;54:1204–1207.

73. Christensen PA, Rotne M, Vedelsdal R, Jensen RH, Jacobsen K,
Husted C. Electroacupuncture in anaesthesia for hysterectomy. Br J
Anaesth 1993;71:835–838.

74. Lao L, Bergman S, Hamilton GR, Langenberg P, Berman B.
Evaluation of acupuncture for pain control after oral surgery: A
placebo-controlled trial. Arch Otolaryngol Head Neck Surg 1999;
125:567–572.

75. Smith CM, Guralnick MS, Gelfand MM, Jeans ME. The effects of
transcutaneous electrical nerve stimulation on post-cesarean pain.
Pain 1986;27:181–193.

76. Melzack R. Prolonged relief of pain by brief, intense transcutaneous
somatic stimulation. Pain 1975;1:357–373.

77. Melzack R, Wall PD. Acupuncture and transcutaneous electrical
nerve stimulation. Postgrad Med J 1984;60:893–896.

78. Lewith GT, Machin D. On the evaluation of the clinical effects of
acupuncture. Pain 1983;16:111–127.

79. Clement-Jones V, McLoughlin L, Tomlin S, Besser GM, Rees LH,
Wen HL. Increased beta-endorphin but not met-enkephalin levels in
human cerebrospinal fluid after acupuncture for recurrent pain.
Lancet 1980;2:946–949.

80. Stein DJ, Birnbach DJ, Danzer BI, Kuroda MM, Grunebaum A,
Thys DM. Acupressure versus intravenous metoclopramide to pre-
vent nausea and vomiting during spinal anesthesia for cesarean sec-
tion. Anesth Analg 1997;84:342–345.

Acupuncture ● 695



81. Lee DC, Clifford DH, Lee MO, Nelson L. Reversal by acupuncture
of cardiovascular depression induced with morphine during
halothane anaesthesia in dogs. Can Anaesth Soc J 1981;28:129–135.

82. Richter A, Herlitz J, Hjalmarson A. Effect of acupuncture in patients
with angina pectoris. Eur Heart J 1991;12:175–178.

83. Syuu Y, Matsubara H, Kiyooka T, et al. Cardiovascular beneficial ef-
fects of electroacupuncture at Neiguan (PC-6) acupoint in anes-
thetized open-chest dog. Jpn J Physiol 2001;51:231–238.

84. Kurz A, Sessler DI. Opioid-induced bowel dysfunction: Patho-
physiology and potential new therapies. Drugs 2003;63:649–671.

85. Wan Q. Auricular-plaster therapy plus acupuncture at zusanli for
postoperative recovery of intestinal function. J Tradit Chin Med
2000;20:134–135.

86. Skarda R. Complementary and alternative pain therapy. In: Muir
WW III, Gaynor JS, eds. Handbook of Veterinary Pain Management.
St Louis: CV Mosby, 2002:281–322.

696 ● Selected Anesthetic and Analgesic Techniques



Introduction
Therapeutic Modalities

Local Hypothermia
Local Hyperthermia
Passive Range of Motion
Therapeutic Massage
Therapeutic Exercise
Aquatic Based Rehabilitation
Therapeutic Ultrasound
Electrical Stimulation

Summary

Introduction
Companion animal rehabilitation is a rapidly growing area aimed
at improving supportive care in veterinary patients. In the veteri-
nary setting, rehabilitation is essentially akin to the human-
oriented profession of physical therapy. Similar to physical ther-
apy, rehabilitation uses physical and mechanical methods such as
light, heat, cold, water, electricity, massage, and exercise to im-
prove function and reduce pain and morbidity in a variety of con-
ditions, including orthopedic and neurological disease. Other
terms commonly used to describe rehabilitation are physical re-
habilitation, physical therapy, and physiotherapy. Because pain
and discomfort may be elicited by some techniques on occasion,
therapists should be prepared to administer an appropriate anal-
gesic, if necessary. Advanced training and certification in reha-
bilitation are available for certified veterinary technicians, phys-
ical therapists, and veterinarians. Practice acts vary from state to
state, with most requiring that animal rehabilitation be super-
vised and in some cases implemented by a veterinarian.

Until recently, rehabilitation has not played an important role
in the management of a pain in veterinary medicine.1 Standard
postoperative care has focused on basic nursing and support care,
confinement, and pharmaceutical intervention. With the incorpo-
ration of rehabilitation into overall supportive care and pain man-
agement, many patients are recovering sooner and more com-
pletely from medical, surgical, and traumatic events. To date,
however, the benefits of nondrug therapies in the management of
pain, including those of rehabilitation, have been relatively un-
documented in the veterinary literature.2,3 Similarly, the anal-
gesic effects and overall benefits of therapies such as acupunc-
ture and electroacupuncture, acupressure, and transcutaneous
electrical nerve stimulation are relatively undefined. Despite this
lack of experimental scientific evidence for their efficacy, clini-
cal experience in veterinary patients suggests that the use of such

therapeutic modalities in conjunction with drug therapy can be
beneficial. The desired clinical outcome is better control of dis-
comfort and reduction in the overall pharmacological require-
ment of patients.

Therapeutic Modalities
Seven therapeutic modalities are used to decrease pain, reduce in-
flammation, and stimulate normal healing responses in veterinary
patients: (1) local hypothermia and hyperthermia, (2) passive
range-of-motion activity, (3) massage, (4) therapeutic exercise,
(5) hydrotherapy, (6) ultrasound, and (7) electrical stimulation. In
this chapter, the indications and contraindications, along with 
the methods of action and application are discussed for each
therapeutic modality commonly used in companion animal re-
habilitation.

Local Hypothermia
Local hypothermia therapy, or cryotherapy, entails the applica-
tion of therapeutic cold to a musculoskeletal tissue. Common
forms of therapeutic cold include commercial available reusable
ice and gel packs, continuously circulating cold-water blankets,
homemade ice packs and towels, ice massage, and cold-water hy-
drotherapy. The application of local hypothermia is indicated in
the acute (<72 h) postinjury period to ameliorate inflammation,
irritation, pain, swelling, and edema. The primary purported
method of action of cryotherapy is via vasoconstriction, which
reduces arterial and capillary blood flow, thereby minimizing
fluid leakage and edema. Because cryotherapy also decreases en-
zyme activity and metabolism in tissues, it is effective against
local inflammation in periarticular and articular tissues.4 Anal-
gesia is provided by alteration of sensory nerve conduction and
skeletal muscle relaxation.5,6

The cooling effects of local hypothermia on deeper tissues are
less profound and unpredictable, depending on the application
method, the initial temperature of the treated area, and the dura-
tion of treatment.7 Regardless, application of local hypothermia
should be limited to multiple short sessions (5 to 15 min up to
four times daily) to prevent reflex vasodilation and edema.6–9

Overzealous cryotherapy causing a 10.0°C (18.0°F) or more de-
crease in tissue temperature may cause protein degradation, local
hyperemia, epithelial and nerve damage, and muscle atrophy and
contracture. The use of local hypothermia should be avoided in
hypothermic animals. If body core temperature is further
dropped, peripheral vasoconstriction and increased blood pres-
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sure may ensue. Furthermore, cryotherapy is contraindicated in
people and presumably animals that have diabetes mellitus, is-
chemic injuries, vasculitis, or indolent wounds.

Local Hyperthermia
This technique uses heat to promote capillary dilation and in-
crease capillary hydrostatic pressure, permeability, and filtration.
The cellular and vascular changes produced by heat also stimu-
late inflammation and invigorate wound healing. Tissues treated
with local hyperthermia increase in temperature, which causes a
local histamine release while simultaneously enhancing cellular
metabolism.10 Heat therapy provides pain relief by increasing
blood flow and capillary permeability, decreasing edema, in-
creasing local metabolic rate, increasing extensibility of collagen
in articular and ligamentous tissues, and decreasing muscle ten-
sion and spasm, as well as providing general relaxation.4,11–13

Common forms of therapeutic heat used in veterinary medi-
cine include the application of hot packs, warm towels, warm-
water blankets, therapeutic ultrasound, circulating warm-water
baths, and hydrotherapy units. The therapeutic protocol for heat
is similar to that for cryotherapy, with application durations vary-
ing from 15 to 20 min, two to four times a day. Other types of
less frequently used heat therapy include incandescent, infrared,
ultraviolet, and microwave radiation, all of which require special
equipment and training.

As the primary method of action of heat therapy is inflamma-
tory, local hyperthermia should be used only once acute inflam-
mation has subsided, typically 24 to 72 h after injury or surgery.
Heat therapy is indicated to remove the inflammatory mediators
and edema present in the peri-injury site tissues. It is important
to note that local hyperthermia has a narrow therapeutic temper-
ature window (40° to 45°C [104° to 113°F]) and warrants care-
ful monitoring.10,14,15 Care should be taken not to prematurely
apply heat too soon after a traumatic injury, because that can in-
duce vascular leakage, exacerbate the inflammatory response,
augment edema and seroma formation, and potentiate hemor-
rhage and pain.10,14,15 Local hyperthermia has few indications in
the immediate postoperative period and should be combined with
other forms of physical therapy (massage or exercise) in the later
stages of convalescence (>72 h after surgery). Therapeutic heat is
also contraindicated in neurological or vascularly impaired pa-
tients.10,14,15 Direct nerve injury from local hyperthermia and
burns is possible, especially with prolonged application or the
use of electric heating pads.

Passive Range of Motion
Passive range of motion (PROM) exercise refers to the controlled
movement of the limbs and joints in flexion, extension, adduc-
tion, and abduction by the therapist with no effort being exerted
by the animal.16 The goals of PROM are to stretch and manipu-
late the periarticular structures of the appendicular skeleton to
maintain normal joint ROM while preventing soft tissue and
muscle contracture.16 Experimental evidence evaluating the ef-
fects of prolonged immobilization and restricted weight bearing
on canine cartilage reveals chondrocyte atrophy and deterioration
of the supportive matrix, which in many cases is irreversible.1 In

addition to direct benefits to cartilage, PROM improves blood
flow and sensory awareness of the affected joints and limbs.
However, PROM is not a replacement for normal weight bearing
and the superior affects of voluntary active movement. In com-
parison to PROM, active exercise produces superior cartilage,
better prevents muscle atrophy, and improves muscle strength
and endurance.1,17

PROM should be instituted immediately after surgery and con-
tinued until the patient begins to ambulate within normal limits.
If the animal has decreased ROM, as documented by goniometry,
the PROM exercises can be prolonged to improve the function of
the limb. Typically, PROM is performed with the animal in re-
laxed lateral recumbency. The joint or joints are flexed or ex-
tended to their nonpainful end point and held for 10 to 30 s and
returned to a normal or functional standing position. These cy-
cles are repeated for 10 to 15 complete cycles of flexion and ex-
tension. Caution should be taken not to overstretch the periartic-
ular tissues, because overzealous PROM may tear the joint
capsule and surrounding tissues and result in pain and uninten-
tional fibrous scar formation. Contraindications to the use of
PROM include unstable fractures, luxations, hypermotile joints,
or skin graphs.

Therapeutic Massage
This involves the manual or mechanical manipulation of soft tis-
sues and muscle by rubbing, kneading, or tapping. Benefits of
massage include increased local circulation, reduced muscle
spasm, attenuation of edema, and breakdown of irregular scar tis-
sue formation. The method of action of this therapeutic technique
is based on both reflexive and mechanical effects. The reflexive
effects are due to stimulation of peripheral receptors, which pro-
duces the central effects of relaxation while simultaneously pro-
ducing muscular relaxation and arteriolar dilation. The mechani-
cal effects are due to increased lymphatic and venous drainage
removing edema and metabolic waste, increased arterial circula-
tion enhancing tissue oxygenation and wound healing, and ma-
nipulation of restrictive connective tissue enhancing ROM and
mobility.

The most common techniques of massage used in veterinary
medicine are effleurage, pétrissage, cross fiber, and tapotement.
Effleurage (Latin, effluere, “to flow out”) is a form of superficial
or light stroking massage and is generally used in the beginning
of all massage sessions to relax and acclimatize the animal.
Pétrissage is characterized by deep kneading and squeezing of
muscle and surrounding soft tissues. Cross fiber is also a deep
massage that is concentrated along lines of restrictive scar tissue
and designed to promote normal ROM.9,18 This type of massage
has limited use in veterinary medicine because it requires seda-
tion of the animal during therapy and most often temporarily ex-
acerbates lameness because of an inflammatory response to the
tissue manipulation. Tapotement involves the percussive manipu-
lation of soft tissues with cupped hand or massage equipment
and is most commonly used to relax spastic muscle contraction
or enhance postural drainage for respiratory conditions.
Contraindications to massage therapy include unstable or in-
fected fractures or tissue and the direct manipulation of a malig-
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nancy. In most instances, massage is an indispensable therapy
when animals are in intensive care and have restricted mobility.10

Therapeutic Exercise
The potential for catastrophic failure associated with uncon-
trolled activity has previously limited the role of therapeutic ex-
ercise in the recovery of veterinary patients, particularly in post-
operative orthopedic animals. Controlled active therapeutic
exercise, however, may be safely performed in most cases, even
orthopedic, when closely assisted and attended to by the therapist
or the attentive owner. The benefits of therapeutic exercise are
abundant. Exercise helps build strength, muscle mass, agility, co-
ordination, and cardiovascular health. In addition, therapeutic ex-
ercise may be used as a preventive measure to improve general
health, reduce obesity, and increase performance in all veterinary
patients.1,18 Prior to initiating therapy, all animals must be fully
evaluated and assessed, because it is imperative to match the in-
tensity of the activities to the animal’s level of function and abil-
ity. Included in the repertoire of controlled active exercise are as-
sisted standing; facilitated walking; prolonged, momentary, and
repeated sits and downs; stair walking; walking on inclines and
hills; and weight shifting (Fig. 25.1).1,18 When performed appro-
priately and in consultation with the primary-care clinician or
surgeon, these activities can be performed early in the postoper-
ative recovery period and modified and intensified to promote
cardiovascular and musculoskeletal fitness.

Aquatic Based Rehabilitation
Aquatic based therapeutic techniques for veterinary patients in-
clude local therapeutic massage with warm or cold water, under-
water treadmill exercise, and swimming. Massage in water is
particularly beneficial for postoperative animals, because it is an
efficacious method for removing lymphedema from extremities.
Water-based massage is also relaxing and effective for cleansing
surgical incisions. Cold-water hydrotherapy may be employed as
soon as a surgical incision has established a fibrin seal, which is
generally within 24 h of surgery. This form of hydrotherapy is a

relatively low tech–high yield form of rehabilitation in that it re-
quires little equipment, other than a washtub and a hose.

Increasing the water depth and the temperature to 30°–32°C
(86°–90°F) provides a nongravitation environment that is ideal
for performing nonconcussive active-assisted exercise such as
underwater treadmill and swimming activity (Fig. 25.2).19 The
natural properties of water provide both buoyancy and resistance,
which can be manipulated to improve limb mobility, joint ROM,
gait, and cadence.6 Caution should be used with any water exer-
cise in order to minimize the risk of aspiration or drowning. It is
wise to acclimatize animals to water before initiating any therapy
regimen.1,18

Therapeutic Ultrasound
The method of action of therapeutic ultrasound is based on the
delivery of energy to tissue in the form of acoustic vibrations.
Sound waves can produce both physiological heat and cellular
inflammation.18 The net physiological effects of ultrasound may
be divided into two categories: thermal and nonthermal.18 The
thermal effects of ultrasound increase connective tissue extensi-
bility and vascularity and provide a form of temporary nerve
blockage, thus promoting muscular relaxation and pain relief.
The nonthermal effects of ultrasound include the acceleration
and compressing of the inflammatory phase of healing; an in-
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Fig. 25.1. A dog undergoing therapeutic exercise by walking on el-
evated treadmill.

Fig. 25.2. A dog undergoing aquatic based therapeutic rehabilita-
tion to reduce concussion during exercise.



crease in local circulation; a decrease in edema; an increase in
endorphins, enkephalins, and serotonin; and the stimulation of
collagen synthesis and bone growth.20 Therapeutic ultrasound is
primarily indicated in the treatment of chronic scar tissue and in-
dolent decubital ulcers. It may also be effective for palliation of
muscle spasms and for enhanced tendon healing (Fig. 25.3).18,20

Contraindications for the use of therapeutic ultrasound include
tissue infection or inflammation. Prior to its application, thera-
peutic ultrasound should be thoroughly investigated because
there is a wide variety of continuous-wave or pulsed-wave deliv-
ery modes, wave intensities, and therapy regimens to choose
from.18,20 Complications are associated with operator inexperi-
ence and error that can produce excessive heat, free radicals, and
subsequent tissue destruction.18,20

Electrical Stimulation
This entails the delivery of electrical current to a selected treat-
ment area.21 Common uses for electrical stimulation include
muscle reeducation, pain palliation, and edema reduction.21

There are a variety of waveforms and devices available, varying
in cost and versatility. The nomenclature is quite confusing and
does little to improve one’s understanding of the fundamentals of
electrical stimulation. Essentially, however, there are two forms:
neuromuscular electrical stimulation (NMES) and transelectrical
nerve stimulation (TENS).

NMES is indicated in animals that are neurological, debili-
tated, recumbent, or immobile or need prolonged joint immobil-
ity. It prevents disuse atrophy and improves limb performance by
recruiting contracting fibers and increasing maximum con-
tractible force of affected muscles.18 The electrical stimulation
device consists of a simple pulse generator and electrodes, which
are placed over selected weakened or paralyzed muscle groups to
create an artificial contraction (Fig. 25.4).18 Pulse amplitude,
rate, and cycle length may be varied to suit the comfort of the pa-
tient.18 Muscular pain and edema may also be reduced because
of improved blood flow.18 Combining neuromuscular stimulation

with PROM exercises improves joint ROM and prevents muscle
contracture and is particularly indicated in fractures of the distal
femur of young dogs.18 This technique has proven effective in
promoting muscle reeducation after prolonged disuse.

TENS has been used widely to identify neural stimulators that
modify pain. Electrical stimulation to alter pain sensation in-
volves the application of an electrical current to a sensory nerve.
There are various suggestions as to the mechanism(s) responsible
for altered pain sensation: the gate control theory, which involves
the increased activity of the sensory afferents causing presynap-
tic inhibition of pain transmission; an endogenous opiate release;
the counterirritant theory; and the placebo effect.22 In most pa-
tients, altered pain sensation via TENS is probably due, in part,
to all of the aforementioned mechanisms. TENS should be con-
sidered an adjunctive pain management modality, to be combined
with other pain-management techniques rather than as a sole
therapy to control pain.

Summary
Implementing rehabilitation as part of a multimodal analgesic
regimen will augment pain management and facilitate veterinary
patients’ recovery and return to function. The nature of any reha-
bilitation program is influenced by factors such as facilities,
equipment, and trained personnel.8 It should be appreciated that
one does not always need advanced training and equipment to
perform physical therapy in animals. Most patients will experi-
ence improved recoveries with simple fundamental techniques
such as massage, cold packing, PROM, and controlled exercise
regimens.
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Introduction
The selection of a particular anesthetic regimen is predicated upon
the patient’s physical status and temperament, the type of proce-
dure for which anesthesia is being considered, anticipation of
perioperative pain, the familiarity with anesthetic drugs, the type
of facility and available equipment, the personnel available for as-
sistance, and the cost of anesthetic drugs. There is no single best
method for anesthetizing dogs or cats, and familiarity with just
one anesthetic technique at best limits a veterinarian’s ability to
perform the myriad of surgical and diagnostic procedures com-
monly performed in a modern veterinary practice. A debilitated
dog or cat undergoing extensive repair of a fractured limb will re-
quire a different anesthetic regimen than one undergoing routine
neutering, one requiring short-term restraint for radiography, or a
geriatric patient requiring extensive dental manipulations.

General anesthesia is characterized by muscle relaxation, un-
consciousness, amnesia, and analgesia. Rarely does a single drug
provide all of these elements at safe doses. Inhalation anesthetics
come closest to satisfying all of these conditions, but even they

are more useful when coadministered with anesthetic adjunc-
tive drugs such as opioids, local anesthetics, or neuromuscular
junction–blocking agents. As a general rule, when formulating an
anesthetic plan, it is best to consider using relatively low doses of
several different drugs rather than a large dose of a single drug.
For example, apnea resulting from a large bolus of propofol can
be eliminated, or its duration shortened, by prior administration
of acepromazine, opioids, or �2-adrenergic agonists, which allow
administration of a lower propofol dose.1 The opioid drugs, al-
though important components of modern anesthetic regimens, by
themselves do not produce general anesthesia.2 Muscle rigidity,
salivation, and long recoveries associated with large dosages of
ketamine can be lessened when it is combined in reduced doses
with opioids, �2-adrenergic agonists, and central muscle relax-
ants such as benzodiazepines.3

Any chemical restraint or general anesthetic plan must include
a provision to control pain if it is present or anticipated. A good
analgesic regimen should include drugs sufficient to ensure anal-
gesia during and after the procedure. The one thing that should
not vary among anesthetic procedures is the degree of vigilance
associated with monitoring an anesthetized dog or cat. Early
warning of impending anesthetic difficulty is the single most im-
portant factor responsible for decreasing anesthetic-related mor-
bidity and mortality.

Preanesthetic Considerations
Recording a thorough history (Table 26.1) and conducting the
physical examination are the most important components of a
preanesthetic evaluation. Even young, seemingly healthy, ani-
mals presented for routine procedures such as neutering require
both. These animals may have never been previously examined
by a veterinarian, and congenital disorders, severe parasitism, or
heartworm disease may be discovered.

Signalment
Anesthesiologists are often queried about “sensitivity to anesthe-
sia” in a variety of dog and cat breeds. Although several breed-
associated anesthesia concerns have been documented, all breeds
have been successfully anesthetized by using standard anesthetic
regimens, and most reports of “sensitivities” are anecdotal. One
well-documented breed-associated anesthetic concern is the al-
tered pharmacokinetics of barbiturates and other anesthetic drugs
in sight hounds.4 Another is brachycephalic breeds and their as-
sociated airway anatomical malformations. Since toy breeds have
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a greater surface area–body mass ratio and have a relatively
greater metabolic rate, they require careful attention to mainte-
nance of body heat and blood glucose concentrations. Addi-
tionally, they require a relatively greater dose of drugs on a per-
kilogram basis. Generally, there are no gender-related differences
in the response to anesthesia. However, a history of the estrous
cycle will often identify recent estrus and thus alert the clinician
to the concerns associated with an enlarged and vascularized
uterus. This would potentially cause concern regarding blood
loss during an ovariohysterectomy. Additionally, the owner of an
intact female animal should be queried about the possibility of
their animal being pregnant because the stress of surgery and
anesthesia may adversely affect the fetus(es).

Age is an important anesthetic consideration. Generally, the
very young (less than 11 weeks) and the aged (more than 80% of
the expected life span) do not biotransform anesthetic drugs as
rapidly as do young, healthy patients.5 Healthy geriatric patients
may only require 25% to 50% of the dose of sedatives, hypnotics,
tranquilizers, and opioids given to comparable young healthy
animals.

History
In addition to questions concerning organ system function (Table
26.1), the owner should be queried regarding any previous anes-
thetic episodes, past and present illnesses, and past and current
medication history, including history of heartworm prophylaxis.6

The time elapsed since the last feeding should be noted.

Physical Examination
The preanesthetic physical examination should be thorough, with
all body systems considered (Table 26.2). Any abnormality dis-
covered by physical examination or suggested by the medical
history should be followed with appropriate laboratory or other
suitable diagnostic testing. The assessment of an animal’s tem-
perament is critical. Vicious or aggressive dogs will require a dif-
ferent approach to anesthesia than quiet, relaxed individuals.

Laboratory Evaluation
The minimum preanesthetic laboratory data required for young
healthy dogs are hematocrit and plasma protein. These tests are
easy, quick, and inexpensive. Hematocrit is an indicator of hemo-
globin concentration, which directly relates the ability of the
blood to transport oxygen to the tissues. As a general rule, a
hematocrit of less than 20% indicates the need for perioperative
administration of blood or, if available, a hemoglobin-based
oxygen-carrying solution. Hemoglobin concentration (g/dL) can
be approximated by dividing the hematocrit by 3.

For elective procedures in middle-aged to older animals, or an-
imals treated chronically with medications that could alter liver
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Table 26.1. Signalment and history, including questions of organ
system function

A. Signalment
1. Age
2. Breed
3. Gender

B. Body weight
C. Duration of ongoing complaint
D. Concurrent medications

1. Angiotensin-converting enzyme inhibitors
2. H2 blockers
3. Antibiotics: aminoglycosides
4. Cardiac glycosides
5. Phenobarbital
6. Nonsteroidal anti-inflammatory drugs
7. Calcium channel blockers
8. Beta blockers
9. Tricyclic antidepressants

E. Signs of organ system disease
1. Diarrhea
2. Vomiting
3. Polyuria-polydipsia
4. Seizures and personality change
5. Exercise intolerance
6. Coughing and stridor
7. Weight loss and loss of body condition

F. Previous anesthesia and allergies
G. Duration since last meal

Table 26.2. Preanesthesia physical examination 

A. Body weight and body condition
1. Obesity
2. Cachexia
3. Dehydration

B. Cardiopulmonary
1. Heart rate and rhythm
2. Auscultation

Heart sounds and murmurs
Breath sounds

3. Capillary refill time
4. Mucous membrane color

Pallor
Cyanosis

5. Pulse character
C. Central nervous system and special senses

1. Temperament
2. Seizure, coma, and stupor
3. Vision and hearing

D. Gastrointestinal
1. Parasites
2. Abdominal palpation

E. Hepatic
1. Icterus
2. Abnormal bleeding

F. Renal
1. Palpate kidneys and bladder

G. Integument
1. Tumors
2. Flea infestation

H. Musculoskeletal
1. Lameness
2. Fractures

I. Pain Assessment



or renal function (e.g., nonsteroidal anti-inflammatory drugs,
phenobarbital, or antineoplastic chemotherapeutics), a complete
blood count, urinalysis, and biochemistry profile should be per-
formed. Other tests should be performed (e.g., thoracic radi-
ographs and/or echocardiography) if the history or physical ex-
amination suggests specific organ system disease. A minimum
laboratory database prior to emergency anesthesia should include
packed cell volume, total protein, and electrolytes (sodium,
potassium, and chloride).

Physical Status
Many factors (e.g., age, breed, concurrent disease, surgical pro-
cedure, surgeon skill, and available equipment) contribute to the
overall anesthetic risk for a given patient. One risk factor is 
the physical status of the patient. A convenient system of status
classification for veterinary patients has been adapted from the
American Society of Anesthesiologists.7 In general, physical sta-
tus I and II patients appear to be at less risk for anesthetic com-
plications. Physical statuses III through V are usually at greater
anesthetic risk. However, this is not to imply that category I and
II patients are at no risk from unanticipated anesthetic mishaps
(Table 26.3).

Patient Preparation
Fasting
Healthy dogs and cats should be fasted for at least 6 h prior to
being anesthetized, if possible. Water can be allowed until just
prior to anesthesia. Dogs and cats less than 8 weeks old and those
weighing less than 2 kg should not be fasted longer than 1 or 2 h,
because they are at a greater risk of perianesthetic hypoglycemia.
They should receive dextrose-containing intravenous fluids dur-
ing any prolonged anesthesia (longer than 15 min) and/or serial
blood glucose measurements should be performed until fully
recovered.

Patient Stabilization
When possible, life-threatening physiological disturbances
should be corrected prior to anesthesia (Table 26.4). However,
this may not always be possible, and anesthesia should never be
delayed if immediate surgical or medical intervention is the only
way to save the patient’s life.

Venous Access
Advantages to inserting an intravenous catheter into a peripheral
vein include the following: Tissue-toxic drugs such as thiopental
can be administered without fear of perivascular administration,
intravenous fluid administration is facilitated, and the circulation
is immediately accessible for administration of emergency drugs.
The most common site for catheter insertion in dogs and cats is
the cephalic vein. The lateral and medial saphenous veins are
also easily accessible and may be preferred if surgery is per-
formed on the head or thoracic limbs. The jugular vein can also
be used, especially if longer-term indwelling catheters are being
placed. Typically, an over-the-needle style of catheter is most
suitable for perianesthetic use. A 20-gauge, 2-inch catheter is

suitable for most dogs and cats weighing more than 2 kg, and a
22-gauge, 1.25-inch catheter is suitable for those that are smaller.
An 18-gauge catheter can be used in medium to large dogs if
more rapid fluid administration is anticipated or needed.

Intravenous Fluids
The purpose of perianesthetic administration of intravenous flu-
ids is to maintain vascular volume and adequate cardiac preload,
which can be decreased as a result of increased vascular capaci-
tance associated with anesthetic drugs, blood loss, and insensible
fluid loss. In healthy patients without metabolic disease, a bal-
anced electrolyte solution such as lactated Ringer’s solution is
most suitable for routine use since most fluid loss during anes-
thesia is isotonic. A patient’s disease process may warrant the use
of other fluids, such as normal saline, those containing dextrose,
or a colloid solution, such as whole blood, packed red cells or
other hemoglobin-based oxygen carrier, plasma, or a plasma
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Table 26.3. Physical status classification of veterinary patients 

ASA Status
Level Patient Description

I Normal healthy patient
II Non-incapacitating systemic disease (e.g., obesity, 

mild dehydration, and simple fractures)
III Severe systemic disease not incapacitating (e.g., 

compensated renal insufficiency, stable con-
gestive heart failure, controlled diabetes melli-
tus, or cesarean section)

IV Severe systemic disease that is a constant threat 
to life (e.g., gastric dilation and volvulus)

V Moribund, not expected to live 24 h irrespective 
of intervention (e.g., severe uncompensated
systemic disturbance)

ASA, American Society of Anesthesiologists.
Procedures performed under emergency conditions are denoted by placing
an E behind the physical status number.

Table 26.4. A list of conditions that should be corrected prior to
anesthesia

A. Severe dehydration
B. Anemia or hypoproteinemia

Packed cell volume < 20 with acute blood loss
Albumin < 2.0 g/dL

C. Acid-base and electrolyte disturbances
pH < 7.2
Potassium < 2.5–3.0 or > 6.0

D. Pneumothorax
E. Cyanosis
F. Oliguria or anuria
G. Congestive heart failure
H. Severe, life-threatening cardiac arrhythmias



expander.8 The routine crystalloid administration rate for dogs
and cats is 10 mL · kg�1 · h�1. This rate can be decreased to 5
mL · kg�1 · h�1 for the second and subsequent hours of anesthe-
sia if the surgical procedure is associated with minimal blood
loss. Preexisting cardiac disease (e.g., mitral valve insufficiency)
may warrant reduced fluid administration rates so as to not cause
potentially fatal pulmonary edema.

Several styles of fluid administration sets are available. An ad-
ministration set with a 10-drop/mL calibration is most conven-
ient for patients weighing more than 5 kg. For smaller patients, a
calibrated 60-drop/mL drip chamber enables a more precise esti-
mation of proper fluid rate. If very small volumes of fluid are
given, or precise volume measurement is desired, a syringe pump
may be used. It is convenient to calculate the number of drops per
minute necessary to deliver the calculated hourly fluid amount.
The following example uses a 10-drop/mL drip set in a 25-kg
dog at a rate of 10 mL · kg�1 · h�1:

25 kg · 10 mL/kg/h = 250 mL/h
250 mL/h · 10 drops/mL = 2500 drops/h
2500 drops/h � 60 min = 42 drops/min

A danger of perioperative fluid administration to very small
animals is inadvertently administering too much fluid by improp-
erly adjusting the drip rate. This can be particularly problematic
in cats because they have a relatively small plasma volume rela-
tive to their size. A mechanical infusion pump or measured vol-
ume administration set will assist with delivery of the correct
fluid amount.

The Anesthetic Plan
Several things should be considered when formulating an anes-
thetic plan (Table 26.5). In general, the anesthetic or chemical re-
straint technique rely primarily on local anesthesia, injectable
anesthesia, or inhalation anesthesia. These techniques frequently
overlap. For example, inhalation anesthesia is usually initiated
with injectable anesthetics. Local anesthetic nerve blocks are
typically accompanied by general anesthesia.

The remainder of the discussion regarding the choice of anes-
thetic drugs assumes the reader has reviewed and has a familiar-
ity with the pharmacology of the various anesthetic drugs.9,10

Although the drug combinations described are suitable for a va-
riety of patients, the reader should refer to the appropriate sec-
tions of this text or consult a veterinary anesthesiologist if ques-
tions remain about how to anesthetize and monitor specific
patients.

Short-Term Anesthesia (Less than 15 Minutes)
Several drugs are available for short-term anesthesia or chemical
restraint (Tables 26.6 to 26.9). Immobilization for a short dura-
tion not requiring strong analgesia (radiography, suture removal,
otoscopic examination, etc.) can be performed most simply with
intravenous injectable drugs such as thiopental, propofol, or the
ketamine/diazepam combination. These drugs induce rapid and
predictable short-term loss of consciousness. Thiopental is rela-
tively inexpensive and is suitable for short-term restraint of most

healthy dogs and cats. A disadvantage to its use as a sole anes-
thetic is that relatively large doses are required, full recovery can
take up to 1 h, and recovery can be associated with ataxia and dis-
orientation. These undesirable characteristics are reduced when
its administration is preceded by a tranquilizer such as acepro-
mazine or a sedative such as medetomidine. Another disadvan-
tage is that it must be administered intravenously, a problem with
fractious or uncooperative animals. Perivascular thiopental ad-
ministration is associated with local tissue inflammation, pain,
and potential tissue necrosis. Perivascular administration should
be attended to by infiltrating the area with a crystalloid fluid (e.g.,
0.9% sodium chloride) volume equal to three to five times the
volume of perivascularly administered thiopental. Additionally, a
local anesthetic such as lidocaine and an anti-inflammatory (e.g.,
methylprednisolone) may be infiltrated near the site of perivascu-
lar injection. Another important side effect of thiopental is the
significant respiratory depression that can accompany its use.
Alternatives to thiopental include propofol, etomidate, and the
combinations of diazepam and ketamine or tiletamine and zo-
lazepam (Telazol). The duration of action following a 1-bolus
dose of these drugs is generally less than 15 min. Because of its
rapid plasma clearance, multiple boluses of propofol, or a pro-
pofol infusion, can be used to prolong the duration of restraint
without significantly prolonging the duration of recovery.11
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Table 26.5. Considerations for selecting an anesthetic plan

A. Procedure to be performed
Duration

<15 min
15 min to 1 h
>1 h

Type of procedure
Minor medical or surgical
Major invasive surgery

Anticipated perioperative pain
B. Available assistance and equipment

Assistance
Ventilatory assist or control
Restraint

Equipment
Anesthetic machine

Type of inhalation anesthetic
Appropriate monitoring devices

C. Patient’s temperament
Quiet, relaxed, or calm
Nervous and/or excitable
Vicious
Moribund or comatose

D. Physical status
ASA categories I through V

E. Breed
Sight hound
Brachycephalic
Toy

ASA, American Society of Anesthesiologists (see Table 26.3).
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Table 26.6. Sedatives and tranquilizers 

Drug Dosage (mg/kg)a Comments

Acepromazine 0.025–0.2 Mild to moderate sedation of 1- to 2-h duration
IV, IM, SC 

(3–4 mg maximum)
Xylazine 0.3–2.2 Moderate to deep sedation, analgesia; 20 min to 1 h

IV, IM
Medetomidine Dogs, 0.005–0.05 Similar effects to xylazine but 1- to 3-h duration

IV, IM
Cats, 0.05–0.12
IV, IM

Diazepam 0.2–0.4 Most useful when combined with other sedatives, opioids, or ketamine
IV, IM Avoid IM in cats and small dogs

Midazolam 0.1–0.3 Similar to diazepam but also useful IM or SC
IV, IM, SC

IM, intramuscular; IV, intravenous; and SC, subcutaneous.
aGenerally the low end of the dosage range is used IV and in sick or debilitated patients.

Table 26.7. Opioids and opioid combinations

Drug(s) Dosage (mg/kg)a Comments

Oxymorphone 0.05–0.1 Excitement when used alone in young healthy dogs 
IV, IM, SC Duration of analgesia is 1–4 h

Morphine 0.2–0.6 Same as for oxymorphone
IM, SC

Hydromorphone 0.1–0.2 Same as for oxymorphone
IV, IM, SC

Butorphanol 0.2–0.4 Opioid agonist/antagonist
IV, IM, SC Minimal sedation when used alone

Duration of analgesia is <1 h in dogs and up to 2–3 h in cats
Buprenorphine 0.005–0.01 Partial opioid agonist with approximately 6-8-h duration

IV, IM, SC, PO
Acepromazine-opioid 0.05–0.1 IV, IM Can be combined in same syringe

Use dosage ranges for Sedation lasts 15 min to 1 h
opioids listed above

Midazolam-opioid 0.2–0.3 IV, IM Can be combined in same syringe
Use dosage ranges for Sedation lasts 15–40 min

opioids listed above Generally produces poor results in young, healthy animals
Not recommended for immobilization of vicious or difficult to handle animals
Better quality restraint in older or debilitated animals

Xylazine-opioid 0.4–0.6 IV, IM Both drugs are reversible; sedation lasts 30–40 min
Use dosage ranges for Observe for bradycardia

opioids listed above Useful for immobilization of difficult to handle or vicious animals
Medetomidine-opioid Dogs, 0.001–0.002 IM Both drugs are reversible; sedation lasts 30 min to 1 h

Use dosage ranges for Observe for bradycardia
opioids listed above Useful for immobilization of difficult to handle or vicious animals

Cats, 0.004–0.006 IM
Use lower end of dosage 

ranges for opioids listed 
above

IM, intramuscular; IV, intravenous; PO, oral; and SC, subcutaneous.
aUse low end of opioid dosage in cats.



Dissociative-anesthetic combinations (ketamine-diazepam or
tiletamine-zolazepam) produce less muscle relaxation than thio-
pental or propofol. They also are associated with increased sali-
vation and dysphoria upon recovery. However, dissociative-
anesthetic combinations generally produce less respiratory and
cardiovascular depression than other available short-acting in-

jectable anesthetics. Muscle relaxation and recovery quality are
improved and salivation lessened when dissociatives are given
with or preceded by a tranquilizer or sedative.12

Sedative/opioid combinations are suitable for short-term re-
straint for minimally invasive procedures or those procedures not
requiring general anesthesia. An advantage is that one or both of
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Table 26.8. Cyclohexylamines and cyclohexylamine combinations 

Drug(s) Dosage (mg/kg) Comments

Ketamine 2.0–10.0 Not useful alone in dogs
IV, IM Useful restraint in cats lasts 5–30 min

Ketamine-diazepam 5.5/0.20 Diazepam and midazolam are equally effective in this combination
and ketamine-midazolam IV Useful restraint lasts 5–10 min

Poor muscle relaxation 
Ketamine-xylazine 10.0/0.7–1.0 Useful restraint lasts 20–40 min

IM
Ketamine-acepromazine 10.0/0.2 Useful restraint lasts 20–30 min

IM
Tiletamine-zolazepam 2.0–8.0 Limited shelf-life after reconstitution

(Telazol) IV, IM Useful restraint for 20 min to 1 h
Telazol-ketamine-xylazinea Cats Long recoveries

0.022 mL/kg
Medetomidine-ketamine- Cats Good immobilization

opioid 0.03–0.06/5.0 Medetomidine and opioid can be reversed
Use opioid dose Can be used without opioid for restraint alone

listed in previous table
Dogs
0.015–0.03/3.0
Use opioid dose listed 

in previous table

IM, intramuscular; and IV, intravenous.
aReconstitute Telazol powder with 4 mL ketamine (100 mg/mL) and 1 mL xylazine (100 mg/mL).

Table 26.9. Injectable anesthetic drugsa

Drug Dosage (mg/kg) Comments

Thiopental 8.0–20.0 Use lower dosage after premedication
IV

Methohexital 3.0–8.0 Muscle rigidity
IV Best if preceded by a tranquilizer or sedative

Duration 3–5 min 
Etomidate 0.5–2.0 Duration 5–10 min

IV Myoclonus, gagging/retching
Propofol 4.0–6.0 Duration 5–10 min after single-bolus dose

IV Apnea for several minutes with rapid injection
CRI,b 0.2–0.8 
mg/kg/min

Alphaxalone 1.0–15.0 Use lower dosages after premedication and for anesthetic induction and larger dosages for longer 
IV, IM term immobilization

IM, intramuscular; and IV, intravenous.
aInjectable combinations using ketamine are listed in Table 26.8.
bConstant-rate infusion.



these components can be reversed, enabling a rapid return to pre-
anesthetic mentation and function (Table 26.10). Propofol or
thiopental can be added to the regimen when complete immobi-
lization or general anesthesia is necessary.

Alphaxalone is a neurosteroid anesthetic drug that produces
hypnosis and muscle relaxation by enhancing GABAA receptor
ion conduction. Immobilization is characterized by excellent
muscle relaxation and hypnosis in dogs and cats. It is solubilized
in cyclodextran and thus does not induce histamine release as did
the Cremaphor vehicle used in Saffan (alphaxalone and alpha-
dolone). It can be administered intravenously or intramuscularly,
and its duration of action is dose dependent. It is compatible for
use following commonly used preanesthetic sedatives and tran-
quilizers.13

The relatively cumbersome nature of inhalation anesthesia
makes it inconvenient for use in very short procedures. However,
the rapid induction and recovery associated with isoflurane and
sevoflurane make them suitable for short-term anesthesia, partic-
ularly in neonates or those animals with severe organ system
compromise. Mask induction with inhalant anesthetics should be
preceded by preanesthetic administration whenever possible to
reduce the stress and anxiety (and catecholamine release) associ-
ated with the initial breathing of high concentrations of inhalant
anesthetics.

Intermediate-Term Anesthesia 
(15 Minutes to 1 Hour)
For procedures of intermediate duration that do not require good
analgesia, thiopental, ketamine/diazepam, and propofol can be
used and redosed to effect. Typically, one-third to one-half of the
induction dose is administered slowly to prolong the anesthetic
effect. Thiopental and ketamine/diazepam should not be redosed
many times. Their initial duration of action following bolus ad-
ministration primarily depends on redistribution away from the

brain to other tissues, such as muscle. However, when these tis-
sues are saturated with drug, redistribution greatly slows, and
metabolism becomes the rate-limiting factor for awakening.
Propofol, because of its relatively rapid clearance and large vol-
ume of distribution, can be administered repeatedly to dogs by
using small boluses or by constant-rate infusion (Table 26.9).

Invasive surgical procedures such as feline onychectomy or ca-
nine and feline gonadectomy typically require 15 min to 1 h of
anesthesia, accompanied by good perioperative analgesia.
Several options are available (Table 26.8). A combination of
Telazol, ketamine, and xylazine is suitable for cats, although its
use has been associated with prolonged recoveries.14 An alterna-
tive is the combination of medetomidine, ketamine, and an
opioid. Inclusion of an �2-adrenergic agonist in the combinations
suggests that partial antagonism of the anesthetic and analgesic
effects with atipamezole is possible, if required. Inhalation anes-
thesia is also appropriate for procedures of intermediate duration
and may be the most convenient. Inhalant anesthetic delivery of
this duration usually requires intubation and careful monitoring,
but has the benefit of enabling a rapid adjustment of the depth of
anesthesia should anesthetic conditions change unexpectedly
(e.g., loss of blood or respiratory arrest).

Long-Term Anesthesia (Longer Than 1 Hour)
Long procedures are best managed with inhalation anesthesia.
Awakening from sevoflurane and isoflurane anesthesia is pre-
dictably rapid. Even sick and debilitated patients recover from
prolonged periods of inhalation anesthesia relatively quickly, and
liver or renal impairment does not directly affect drug clearance.
Injectable anesthesia using intramuscularly or intravenously ad-
ministered drugs has been described.15–18 Those techniques that
involve infusion of propofol and opioid combinations along with
reversible tranquilizers or sedatives are most suitable for pro-
longed anesthesia because of propofol’s predictably rapid clear-
ance. Those techniques involving nonreversible drugs are less
suited for prolonged immobilization because of the attendant
prolonged recovery. Most anesthetic techniques are associated
with some degree of respiratory depression and a loss of the pro-
tective swallowing reflex, so tracheal intubation and a means to
assist ventilation are essential to reducing anesthetic risk.

Premedication
Inhalation anesthesia can be initiated without premedication;
however, administration of a sedative, tranquilizer, opioid, or
combination of these drugs is recommended prior to induction
(Tables 26.6 and 26.7). Preanesthetic drugs aid in restraint, reduce
apprehension, decrease the quantity of potentially more danger-
ous drugs used to produce general anesthesia, facilitate induction,
enhance perioperative analgesia, and reduce arrhythmogenic au-
tonomic reflex activity. Premedications are usually administered
intramuscularly or subcutaneously 15 to 20 min before induction.
The choice of premedication depends on signalment, tempera-
ment, physical status, concurrent disease, the procedure to be per-
formed, and personal preference (Table 26.11). For procedures as-
sociated with postoperative pain, premedication should include an
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Table 26.10. Antagonists of various classes of anesthetic drugs 

Drug Dosage (mg/kg)

Alpha2

Yohimbine 0.1
IV, IM

Atipamezole 0.04–0.5
IMa

Benzodiazepine
Flumazenil 0.01–0.2

IVb

Opioid
Naloxone 0.002–0.02

IV, IMc

IM, intramuscular; and IV, intravenous.
aDosage in milligrams is equal to five times the previously administered
dosage of medetomidine.
bBegin with lowest dosage and repeat, if necessary, to effect.
cUse lowest dosage for “partial” reversal and highest dosage for complete
reversal (refer to text for explanation).



analgesic such as an opioid or �2-adrenergic agonist and possibly
a nonsteroidal anti-inflammatory drug. Fewer analgesics are typ-
ically needed postoperatively when analgesics are administered
preemptively.19 Repeated patient assessment following surgery is
needed to assess the adequacy of analgesia, and additional anal-
gesics should be administered when needed.

Induction
Induction is most easily accomplished in most animals with pro-
pofol, etomidate, dissociative anesthetic–benzodiazepine combi-
nations, or thiopental (Table 26.9). Advantages to an intravenous
method of induction include rapid loss of consciousness and abil-
ity to quickly intubate endotracheally. Alternatives to these rapid
intravenous induction protocols include higher-dose intramuscu-
lar dissociative anesthetic–benzodiazepine administration, cham-
ber or mask inhalant induction, or high-dose intravenous opioid
induction. These techniques can be useful in special circum-
stances, but for routine use in healthy dogs and cats their disad-
vantages generally outweigh their advantages.

Chamber/Mask
One disadvantage to chamber and mask induction is the associ-
ated waste-gas pollution. Another is the struggling and associated
stress during the induction phase.20 Mask induction is most eas-
ily accomplished in moribund animals and small tractable dogs.
Prior tranquilization or sedation enhances the quality and speed
of induction.21 Isoflurane and sevoflurane are the most suitable
inhalants because they produce a relatively rapid induction.22

Relatively high oxygen flow rates (4 L/min for chamber and 3
L/min for mask) and vaporizer settings (3% to 5% isoflurane and
5% to 7% sevoflurane in healthy animals) are used. The use of
nitrous oxide is not necessary during chamber or mask induc-

tion.23 With chamber induction, once the animal loses its right-
ing reflex and is unresponsive to the chamber being tilted from
side to side, the animal is removed from the chamber and induc-
tion is continued using an appropriately sized mask and the va-
porizer setting used during the chamber phase. Mask induction
(not preceded by a chamber) is begun by exposing the animal to
the mask and oxygen. The inhalation concentration is slowly in-
creased to 3% to 5% for isoflurane and 5% to 7% for sevoflurane.
This is accomplished with a non-rebreathing or rebreathing cir-
cuit by gradually increasing the vaporizer setting over 2 to 4 min.
Use of a non-rebreathing anesthetic system (e.g., the Bain coax-
ial system [see Chapter 17]) will facilitate a more rapid induction
because the time-consuming exchange of the room air in the
reservoir bag, breathing circuit, and carbon dioxide absorber of a
circle system with anesthetic-laden gas from the vaporizer is not
necessary.

Intravenous High-Dose Opioid Induction
A disadvantage to opioid induction is the attendant relatively
slow loss of consciousness. Advantages include good cardiovas-
cular stability (although severe bradycardia may be seen when
anticholinergics are not coadministered) and the attenuation of
the stress response associated with anesthesia and surgery.
Opioid induction works best in debilitated dogs and is not recom-
mended in cats or young healthy dogs that are not well sedated.
Incremental doses of an opioid agonist (Table 26.7) are alter-
nated with small incremental doses of diazepam or midazolam
(Table 26.6) until the dog can be intubated.

Anesthetic Maintenance
The maintenance phase of anesthesia begins when unconscious-
ness is induced and ends with discontinuation of anesthetic deliv-
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Table 26.11. Suggestions for premedication in dogs and catsa

Dogs Premedication
Young normal healthy Acepromazine

Xylazine
Medetomidine
Any of the above with an opioid agonist if moderate to severe perioperative pain is anticipated; any of the 

above with butorphanol or buprenorphine if less intense pain is anticipated or for moderate restraint
Aggressive/vicious Acepromazine–opioid agonist

Medetomidine–opioid agonist
Xylazine–opioid agonist

Geriatric Acepromazine (low end of dosage range)
Midazolam-opioid

Painful procedures Acepromazine–opioid agonist
Midazolam–opioid agonist

Cats Acepromazine-opioid (low dosage)
Ketamine (low dosage)
Ketamine (low dosage–acepromazine)
Xylazine or medetomidine (young and healthy)
Telazol (low dosage)

aThese drugs or drug combinations should be administered between 15 and 30 min prior to anesthetic induction.



ery. After the loss of consciousness, a properly sized cuffed en-
dotracheal tube or alternative airway is usually inserted to enable
assisted ventilation, if necessary, and protect against aspiration of
oropharyngeal contents. Adequate cardiovascular function is rap-
idly verified and the anesthetic vaporizer turned on. The initial
and subsequent anesthetic vaporizer settings (percentage concen-
tration of inhalant) vary with the condition of the patient, the type
of breathing circuit used, and the fresh-gas flow rate (Table
26.12). The relatively high fresh-gas flow rate and vaporizer set-
ting that are initially used after induction are decreased to main-
tenance settings when the patient nears the desired anesthetic
plane (usually when palpebral reflex disappears and the heart rate
begins to decrease). The vaporizer setting is adjusted according
to signs of anesthetic depth. The most useful signs of anesthetic
depth in dogs and cats include a combination of muscle tone (as-
sessed by opening the mouth its full extent), heart and respiratory
rates, and systemic blood pressure. All but systemic blood pres-
sure are easily and inexpensively monitored and should be per-
formed routinely. Other monitors that may be used include a
pulse oximeter and a capnometer. Pulse oximetry noninvasively
provides an estimate of hemoglobin’s oxygen saturation (normal
� 95%). This information along with packed cell volume or he-
moglobin concentration indicates the oxygen content of arterial
blood. A capnometer noninvasively assesses ventilation by mon-
itoring respiratory rate and end-tidal expired (related to arterial)
carbon dioxide partial pressure. End-tidal CO2 monitors can also
identify problems with the gas delivery system such as malfunc-
tioning one-way valves and exhausted CO2 absorbent, especially

when graphic display of the CO2-time profile is provided (i.e.,
capnogram).

The Anesthetic Record
This is part of the permanent patient record and should include
notation of patient status; the anesthetic drugs used, including
time of administration; dose and effect; duration of the surgery;
and notation of significant perioperative events. Ideally, heart
rate, respiratory rate, blood pressure, and any other variables
monitored should be recorded at regular intervals (5 to 10 min).
Recording these data at regular intervals creates a visual aid that
assists in determining the change in patient status during the
anesthetic period. For example, a steadily increasing heart rate
accompanied by a steadily decreasing blood pressure during a
15-min interval could signal hypotension caused by fluid loss or
excessive anesthetic depth. This is easily observed on the anes-
thetic record but may not be noticed without the visual prompt of
the data recorded over time.

Perioperative Analgesia
Concurrent administration of various analgesic drugs during in-
halation anesthesia is useful to enhance intraoperative and post-
operative analgesia. These drugs can be continued into the post-
anesthetic period to maintain analgesia. Infusions of low doses of
ketamine, lidocaine, opioids, and their combinations have been
described as adjuncts to inhalation anesthesia (Table 26.13).24–26

When using these drugs, the concentration of inhalant anesthetic
can often be significantly reduced. Increased respiratory depres-
sion is a concern, and the adequacy of ventilation should be
closely monitored.

Recovery
Recovery begins when the procedure for which a patient has
been anesthetized is finished, and the anesthetic drugs have been
discontinued. Patient status should be monitored regularly during
recovery until the patient is conscious, extubated, and heart rate,
respiratory rate, and body temperature have returned to normal.
Young healthy animals undergoing routine procedures usually do
not need supplemental oxygen during recovery. However, contin-
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Table 26.12. Vaporizer settingsa

Drug Induction Phase (%) Maintenance Phase (%)

Halothane 3 1–2
Isoflurane 3 1.5–2.5
Sevoflurane 4–5 2–4

aListed vaporizer settings assume a fresh-gas flow of 1 to 2 L/min during
the induction phase (first several minutes following induction with inject-
able drug), and a fresh-gas flow of 10 mL/kg/min during the maintenance
phase. Low-flow system vaporizer settings are typically 1 to 2% higher.
Refer to text for discussion of mask or chamber induction.

Table 26.13. Drugs and drug combinations administered by constant-rate infusion to enhance intraoperative analgesia

Drug(s) Infusion Rate Comments

Ketamine 2–10 µg/kg/h Useful as an adjunct to other perioperative analgesics
Fentanyl 1–5 µg/kg/h Useful alone or with other perioperative analgesics; first administer loading 

dose of 2 µg/kg
Lidocaine 40 µg/kg/min Useful as an adjunct to other perioperative analgesics; loading dose of 

2 mg/kg
Morphine-lidocaine-ketamine 0.24/0.3/0.06 mg/kg/ha Useful alone or with other perioperative analgesics

aTo 1 L of crystalloid, add 24 mg morphine, 300 mg lidocaine, and 60 mg ketamine. Administer at 10 mL/kg/h intraoperatively. Concentration can be ad-
justed (increased) to fit postoperative maintenance fluid rates.



uous use of pulse oximetry is helpful to identify unexpected
postanesthetic hypoxemia. Hypoxemia caused by respiratory de-
pression, atelectasis-related ventilation/perfusion mismatch,
and/or rapidly decreased fraction of inspired oxygen (e.g., near
100% oxygen to 21% room air) is easily addressed if detected
early. If nitrous oxide was used during anesthetic maintenance,
the breathing circuit should be repeatedly flushed with oxygen
and the patient allowed to breathe an oxygen-enriched gas mix-
ture for 5 to 10 min after discontinuation of nitrous oxide. This
helps prevent the diffusion hypoxia that can develop if the in-
spired oxygen concentration suddenly decreases while nitrous
oxide is rapidly moving from the blood into the alveolar gas. Sick
or debilitated dogs and cats benefit from supplemental oxygen
during recovery, particularly if hypothermic, because shivering
can significantly increase oxygen consumption. The tracheal
tube cuff should be deflated and untied when a patient is discon-
nected from the anesthetic machine. This permits extubation in
the event that the patient rapidly awakens and begins chewing,
but care should be exercised when moving the animal to the re-
covery area so premature accidental extubation does not occur. If
an esophageal stethoscope or temperature probe was used, it
should be removed at this time. Dogs and cats should be extu-
bated as soon as the swallowing reflex occurs, unless there is a
specific contraindication to removing the tracheal tube at this
time (e.g., brachycephalic airway syndrome). Dogs and cats
should never be left to recover unobserved. Recover patients in a
well-ventilated area to minimize exhaled anesthetic gas pollution
of the workspace.

Occasionally, a dog or cat will awaken suddenly from anesthe-
sia, become disoriented, and will vocalize, paddle, and appear in-
coherent. This sudden arousal can be caused by emergence delir-
ium or pain, and it is important to distinguish between them.
Emergence delirium occurs most frequently in non-premedicated
animals and in particular those awakening rapidly from anesthe-
sia. With emergence delirium, the dog or cat will typically soon
become quiet and more comfortable, usually within 10 min. A
quiet, reassuring voice and restraint are all that are usually nec-
essary to guide the animal through this period of excitement. If
pain is believed to be the cause of the rough recovery, rapid-
acting opioid analgesics (e.g., fentanyl) should be administered
intravenously. Postoperative pain control is managed best with
preanesthetic analgesic administration of relatively long-lasting
analgesics, local anesthetics, and attention to signs of pain.

Dogs or cats receiving perioperative fluids can develop a fully
distended or overdistended urinary bladder that can cause signs
of discomfort. If a full bladder is palpated, it can be gently ex-
pressed before recovery. Occasionally, a low dose of acepro-
mazine (0.03 to 0.05 mg/kg intravenously) is necessary to quiet
an excited animal.

Perioperative Hypothermia
Because of the loss of normal thermoregulatory core-to-
periphery temperature gradients and impaired central thermoreg-
ulatory responses, some decrease in core body temperature is un-
avoidable during anesthesia and surgery. The patient’s tempera-

ture should be monitored, especially if supplemental heat sources
are used (e.g., forced warm-air systems), because accidental hy-
perthermia is possible. It is more effective to prevent hypother-
mia rather than trying to warm a hypothermic patient during re-
covery, because skin vasoconstriction in response to hypothermia
inhibits warming of blood near the body surface. Anesthetic-
induced vasodilation facilitates warming and heat gain.
Insulating and warming devices should be used during anesthe-
sia and recovery.27 Devices that are available for warming pa-
tients include circulating warm-water heating blankets, infrared
heat lamps, incubators, and circulating warm-air blankets. Elec-
tric heating pads should never be used, because they have been
associated with severe burns.28 These burns usually are manifest
from several days to 1 week after contact with the heating pad.
The burn pattern often traces the pattern of the heating wire
within the blanket. Care must be used with heat lamps or surgi-
cal gloves filled with warm water, because they also have pro-
duced thermal burns by being placed too close to unprotected
skin. An advantage of using warm water and forced-air heating
blankets is that temperature is uniform over their entire surface,
and their maximum temperature is well below 105°F, the maxi-
mum safe patient heating-source interface.29 Warming will be
hastened if the patient’s limbs are cocooned within the warming
device. Incubators are convenient for warming small dogs and
cats, and, if needed, supplemental oxygen can also be introduced
through the incubator during the warming period. A circulating
warm-air blanket that cocoons the patient is the most effective
device for maintaining body temperature and perioperative
warming.29,30

Delayed Anesthetic Recovery
Occasionally, a dog or cat that received several drugs during the
anesthetic episode will remain mildly hypothermic and unre-
sponsive. In these instances, consideration should be given to an-
tagonism of reversible drugs (�2-adrenergic agonists or opioids)
that were given as part of the anesthetic regimen. Relatively
small intravenous boluses of naloxone (2 to 3 µg/kg) can be used
to reverse the central nervous system and thermoregulatory de-
pression associated with the opioids while leaving opioid analge-
sia mostly intact.

Severe hypoglycemia is an easily corrected problem that can
result in delayed anesthetic recovery. Blood glucose concentra-
tion should be measured if hypoglycemia is suspected, and intra-
venous dextrose-containing fluids given until blood glucose con-
centrations normalize. Arterial hypotension associated with
blood loss or poor cardiac function cause altered mentation and
slow recovery. Periodic measurement of arterial blood pressure
during recovery, especially in debilitated patients, is warranted.
Hypercarbia (PaCO2 approaching 100 mm Hg) associated with
respiratory-depressant anesthetic and adjunctive drugs may cause
severe mental impairment and possibly respiratory arrest. Use of
capnometry or arterial blood-gas analysis during the anesthetic
and recovery period helps facilitate early detection and correc-
tion of respiratory depression. Occasionally, animals with undi-
agnosed, compensated central nervous system disease (e.g., hy-
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drocephalus) may decompensate under anesthesia, resulting in
impaired brain function. Prevention of hypercarbia, hypoxemia,
and hypotension and rapid implementation of resuscitative meas-
ures (e.g., mannitol and controlled ventilation) may limit brain
injury and speed recovery. Many problems that lead to delayed
recovery from anesthesia can be prevented or otherwise managed
with appropriate patient monitoring during and after anesthetic
drug delivery.

References
01. Kojima K, Nishimura R, Mutoh T, Hong SH, Mochizuki M, Sasaki

N. Effects of medetomidine-midazolam, acepromazine-butorphanol,
and midazolam-butorphanol on induction dose of thiopental and
propofol and on cardiopulmonary changes in dogs. Am J Vet R
2002;63:1671–1679.

02. Hall R, Szlam F, Hug C. The enflurane sparing effect of alfentanyl
in dogs. Anesth Analg 1987;66:1287–1291.

03. Haskins S, Farver T, Patz J. Cardiovascular changes in dogs given
diazepam and diazepam-ketamine. Am J Vet Res 1986;47:795–798.

04. Robinson EP, Sams RA, Muir WW. Barbiturate anesthesia in grey-
hound and mixed-breed dogs: Comparative cardiopulmonary ef-
fects, anesthetic effects, and recovery rates. Am J Vet Res 1986;
47:2105–2112.

05. Short C. Drug disposition in neonatal animals. J Am Vet Med Assoc
1984;184:1161–1162.

06. Seahorn J, Robertson S. Concurrent medications and their impact on
anesthetic management. Vet Forum 2002;119:50–67.

07. Dripps RD, Lamont A, Eckenhoff JE. The role of anesthesia in sur-
gical mortality. J Am Med Assoc 1961;178:261–266.

08. Kudnig S, Mama K. Perioperative fluid therapy. J Am Vet Med
Assoc 2002;221:1112–1121.

09. Ilkiw J. Injectable anesthesia in dogs. Part I. Solutions, doses and
administration. In: Gleed RD, Ludders JW, eds. Recent Advances in
Veterinary Anesthesia and Analgesia: Companion Animals. Ithaca,
NY: International Veterinary Information Service, 2002. http://
www.ivis.org.

10. Ilkiw J. Injectable anesthesia in dogs. Part 2. Comparative
Pharmacology. In: Gleed RD, Ludders JW, eds. Recent Advances in
Veterinary Anesthesia and Analgesia: Companion Animals. Ithaca,
NY: International Veterinary Information Service, 2002.
http://www.ivis.org.

11. Nolan AM, Reid J. Pharmacokinetics of propofol administered by
infusion in dogs undergoing surgery. Br J Anaesth 1993;70:
546–551.

12. Smith JA, Gaynor JS, Bednarski RM, Muir WW. Adverse effects of
administration of propofol with various preanesthetic regimens in
dogs. J Am Vet Med Assoc 1993;202:1111–1115.

13. Muir W, Lerche P, Wiese A, et al. The cardiorespiratory safety and
anesthetic effects of alfaxan CD RTU when administered alone or in
combination with preanesthetic medications in dogs [Abstract]. In:
Veterinary Midwest Anesthesia and Analgesia Conference, April
17–18, 2004. Indianapolis, IN, 2004.

14. Williams LS, Levy JK, Robertson SA, Cistola AM, Centonze LA.
Use of the anesthetic combination of tiletamine, zolazepam, keta-
mine, and xylazine for neutering feral cats. J Am Vet Med Assoc
2002;220:1491–1495.

15. Hughes JM, Nolan AM. Total intravenous anesthesia in greyhounds:
Pharmacokinetics of propofol and fentanyl: A preliminary study. Vet
Surg 1999;28:513–524.

16. Ilkiw JE, Pascoe PJ. Effect of variable-dose propofol alone and in
combination with two fixed doses of ketamine for total intravenous
anesthesia in cats. Am J Vet Res 2003;64:907–912.

17. Ilkiw JE, Pascoe PJ. Cardiovascular effects of propofol alone and in
combination with ketamine for total intravenous anesthesia in cats.
Am J Vet Res 2003;64:913–915.

18. Mendes G, Selmi A. Use of a combination of propofol and fentanyl,
alfentanil, or sufentanil for total intravenous anesthesia in cats. J Am
Vet Med Assoc 2003;223:1608–1613.

19. Woolf CF, Chong M. Preemptive analgesia: Treating postoperative
pain by preventing the establishment of central sensitization. Anesth
Analg 1993;77:362–379.

20. Mutoh T, Nishimura R, Kim H. Rapid inhalation induction of anes-
thesia by halothane, enflurane, isoflurane, and sevoflurane and their
cardiopulmonary effects in dogs. J Vet Med Sci 1995;57:1007–1013.

21. Mutoh T, Nishimura R, Sasaki N. Effects of medetomidine-
midazolam, midazolam-butorphanol, or acepromazine-butorphanol
as premedicants for mask induction of anesthesia with sevoflurane
in dogs. Am J Vet Res 2002;63:1022–1028.

22. Lerche P, Muir WW, Grubb T. Mask induction of anaesthesia with
isoflurane or sevoflurane in premedicated cats. J Small Anim Pract
2002;43:12–15.

23. Mutoh T, Nishimura R, Sasaki N. Effects of nitrous oxide on mask
induction of anesthesia with sevoflurane or isoflurane in dogs. Am J
Vet Res 2001;62:1727–1733.

24. Wagner A, Walton J, Hellyer P, Gaynor JS, Mama KR. Use of low
doses of ketamine administered by constant rate infusion as an ad-
junct for postoperative analgesia in dogs. J Am Vet Med Assoc
2002;221:72–75.

25. Muir W, Wiese A, March P. Effects of morphine, lidocaine, keta-
mine, and morphine-lidocaine-ketamine drug combination on mini-
mum alveolar concentration in dogs anesthetized with isoflurane.
Am J Vet Res 2003;64:1155–1160.

26. Nunes de Moraes A, Dyson D, O’Grady M, McDonell WN, Holm-
berg DL. Plasma concentrations and cardiovascular influence of li-
docaine infusions during isoflurane anesthesia in healthy dogs and
dogs with subaortic stenosis. Vet Surg 1998;27:486–497.

27. Imrie MM, Hall GM. Body temperature and anaesthesia. Br J
Anaesth 1990;64:346–354.

28. Swaim SF, Lee AH, Hughes KS. Heating pads and thermal burns in
small animals. J Am Anim Hosp Assoc 1989;25:156–162.

29. Hynson J, Sessler DI. Comparison of intraoperative warming de-
vices [Abstract]. Anesth Analg 1991;72:S118.

30. Machon R, Raffe M, Robinson E. Warming with a forced air warm-
ing blanket minimizes anesthetic-induced hypothermia in cats. Vet
Surg 1999;28:301–310.

Dogs and Cats ● 715





Introduction
Physical Restraint
Methods of Drug Delivery
Equipment
Preparation of Patients
Standing Chemical Restraint

Phenothiazine Tranquilizers
�2-Adrenoceptor Agonists
Opioid Receptor Agonists
Acepromazine and Xylazine Combination
Sedative/Tranquilizer-Opioid Combinations

Analgesia
Intravenous Anesthesia
Inhalation Anesthesia
Monitoring and Perianesthetic Supportive Care
Recovery

Introduction
Anesthesia in adult horses is complicated by a relatively unique
set of problems associated with their temperament, large body
mass, and thoracoabdominal anatomy. Thus, although an under-
standing of the pharmacology of the drugs used is essential for
safe anesthetic practice, the knowledge base must not stop there.
Prolonged recumbency is an unnatural position for horses. This,
coupled with horses’ seeming desire to escape unfamiliar situa-
tions by running, makes induction and recovery from anesthesia
difficult. Particularly challenging are those situations when an in-
jured or painful horse must be anesthetized.1,2 In addition, the
potential for inadequate muscle blood flow and deleterious
changes in cardiopulmonary function associated with lateral and
dorsal recumbency must be understood. A number of studies
have been published examining perioperative morbidity and mor-
tality in horses.3–6 The reported mortality rates associated with
elective equine anesthesia range from 0.1% to 1.0%, with higher
incidences reported for emergency and out-of-hours procedures.3

The largest study performed to date indicates that there are sta-
tistically significant differences in the incidence of mortality de-
pendent on the person performing the anesthesia and the person
performing the surgery.3 Other factors cited include age (high
risk in the very young and low risk for young adults, with in-
creasing risk with age), duration of surgery (higher risk for
longer surgery), type of surgery (fractures at higher risk), timing
of surgery (outside of “normal hours” at greater risk), the drugs
used for sedation prior to anesthesia (greatest risk when no drugs
are used; reduced risk for acepromazine and greater risk for

romifidine administration), and the use of inhalant anesthetics
(increased risk with inhalant anesthetic induction, and increased
risk of inhalant anesthesia when compared with total intravenous
anesthesia).3 The studies reported to date have not examined the
effect of monitoring techniques (arterial blood pressure and arte-
rial blood gases) or the other anesthetic adjuncts that could be
used (e.g., controlled ventilation or use of vasopressors). These
techniques and adjuncts may play a major role in the safety of
any anesthetic; thus, any discussion that does not take them into
account is incomplete. This chapter focuses on practical aspects
of handling horses and the use of specific drugs, alone and in
combination.

Physical Restraint
Prior to the development of appropriate sedatives, tranquilizers,
and other anesthetics, physical restraint was a primary method by
which practitioners accomplished the treatment and the comple-
tion of some surgical and diagnostic techniques. With the advent
of useful anesthetics, the reliance on physical restraint has dimin-
ished, but the techniques remain an integral part of safe equine
practice. Physical restraint may be as innocuous as taking hold of
a horse’s halter or picking up a patient’s leg to limit movement.
In most situations, some level of physical restraint is combined
with appropriate drugs to induce a tractable patient. The method
of physical restraint should be based on (a) the age, size, and
temperament of the horse; (b) its physical status; (c) the number
and training of available personnel; and (d) the duration and na-
ture of the procedure.

Methods of Drug Delivery
Anesthetics are administered to horses by topical, oral, subcuta-
neous, intramuscular, epidural, intravenous, and inhalant routes.
The effective application of anesthetics topically is probably lim-
ited to the eye and mucous membranes. Oral formulations for
tranquilization can be drenched or mixed with feed but are some-
what unpredictable because the potential for limited consump-
tion and absorption makes it difficult to predict the timing and
magnitude of the effects produced. Intramuscular injection is
more effective than subcutaneous injection. Sedatives and tran-
quilizers are often administered intramuscularly because of ease
of administration, longer action, and a decrease in the intensity of
deleterious side effects when compared with intravenous admin-
istration. Disadvantages of intramuscular administration of drugs
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include delayed onset of action, decreased intensity of effect, and
(because a larger quantity of drug is required) increased cost.
Epidural or spinal injection of drugs can be used for analgesia.
Drugs used by the epidural route include the local anesthetics,
�2-adrenergic agonists, and opioid receptor agonists. The intra-
venous route is preferred by most veterinary practitioners.
Sedatives, tranquilizers, and injectable anesthetics (barbiturates
and ketamine) can be administered intravenously. Intravenous in-
jection induces rapid onset of action, higher peak intensity of ef-
fect, briefer action, and a greater ability to titrate the desired ef-
fect by repeated administration. Inhalation anesthesia (e.g.,
halothane, isoflurane, or sevoflurane) requires the constant ad-
ministration of drug that is delivered in oxygen.

Equipment
The equipment required for the delivery of anesthetic to equine
patients varies from a syringe and needle to expensive inhalation
anesthetic systems equipped with ventilators. Most equine anes-
thesia is performed as short-term anesthesia in the field. In this
setting, the ability to supplement the inspired oxygen concentra-
tion of patients is usually limited. In the absence of the ability to
supplement inspired oxygen, time of recumbency should be lim-
ited to 1 h. Oxygen supplementation benefits all anesthetized pa-
tients. Methods of supplementing oxygen in the field include the
use of insufflation and the use of a demand valve. Insufflation is
performed by inserting a tube into the horse’s nose. Oxygen can
be supplied in a small tank equipped with a pressure-reducing
valve and flowmeter. Flow should be set at a minimum of 15
L/min in order to be effective.7 A size-E oxygen cylinder con-
tains approximately 650 L of oxygen when full, so it can supply
40 to 45 min of oxygen at 15 L/min flow. If apnea occurs, the
flow rate can be increased and a breath can be delivered by oc-
cluding the nostrils until the thoracic wall rises appropriately, and
then releasing the nostrils to allow exhalation. Alternatively, a de-
mand valve (Fig. 27.1) can be used. A demand valve delivers
oxygen by one of two mechanisms. When the horse inhales, the
demand valve is triggered and delivers oxygen at high flow rates.
The increased airway pressure generated by exhalation shuts the
demand valve off. In the absence of ventilation, the demand valve
can be triggered by the operator by pushing a button. The button
is released upon appropriate chest expansion, the flow stops, and
the patient exhales. A demand valve can be used with a tube that
is inserted in the nostril and advanced in the airway (if the nos-
trils are occluded) but is best used in combination with an appro-
priately placed endotracheal tube.

Oxygenation should be maximized if extended anesthesia is
contemplated. The best way to provide optimal oxygenation is to
use an anesthetic machine in combination with an endotracheal
tube that allows the airway to be sealed. Anesthetic machines for
adult horses provide for the delivery of high oxygen concentra-
tions (greater than 95%) whether or not inhalation anesthetics are
being used. Oxygen flow rates to maintain high inspired-oxygen
concentrations depend on a horse’s metabolic rate but are in the
range of 2 to 5 L/min in adult horses.

Endotracheal tubes are helpful both in the field and in more so-

phisticated settings where inhalation anesthetics are employed.
To be effective, endotracheal tubes should seal the airway. This is
usually done by inflating a cuff. Endotracheal tubes are usually
placed orally. The use of a bite block, easily made with 2-inch
polyvinyl chloride pipe, will extend the life of the tube. Endo-
tracheal tubes can also be placed via the ventral meatus of the
nasal cavity. This route is particularly useful for intraoral surgery.
Smaller endotracheal tubes should be used. Prior to anesthesia,
the halter should be checked to ensure that it is appropriately ap-
plied and sufficiently strong to withstand the forces generated
during induction and recovery.

Safe anesthesia in horses depends on maintaining relatively
light levels of anesthesia, which is sometimes difficult to assess.
Should the horse move, maintaining control is important until ad-
ditional anesthetic can be administered. The use of a chest rope
(Fig. 27.2) and casting harness or hobble system enables control
of movement. A hobble system is easily devised by using a 35-
to 40-foot length of 1-inch cotton rope. Soft, larger-diameter rope
is preferred because the chance of a rope burn is minimized.

Some anesthetic techniques require only drugs, needles, sy-
ringes, and the ability to make a venipuncture. The placement of
an intravenous catheter increases the safety of anesthesia by as-
suring venous access, ensuring (with proper placement) that med-
ications are given intravenously, and reducing the number of
venipunctures to one. Anesthetic agents, particularly the thiobar-
biturates and to a lesser extent guaifenesin, are irritating and can
cause tissue destruction when administered extravascularly. The
relative guarantee of venous access is important when administer-
ing anesthetic agents, because of the dilemmas faced when an
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Fig. 27.1. A demand valve coupled with an oxygen source such as
a size-E tank can be used for resuscitation in case of respiratory or
cardiovascular collapse. The demand valve is connected to a 12- to
14-mm (internal diameter) endotracheal tube placed via the nostril
into the pharynx. One hand is used to activate the demand valve
while the other is used to occlude the airway by squeezing the area
just caudal to the nostrils. End inflation by releasing the trigger mech-
anism at the point when a normal thoracic excursion has been com-
pleted. Repeat this maneuver four to six times a minute until sponta-
neous respiration resumes.



anesthetic agent is administered to no apparent effect. The lack of
effect could be caused by perivascular injection of the drug, ad-
ministration of an inadequate dose, or an idiosyncratic reaction of
the patient. The presence of a properly placed catheter ensures
that the drug was administered intravascularly and enables admin-
istration of additional drug if required. Useful catheter sizes for
horses are 10 to 14 gauge for adult horses and 14 to 20 gauge for
foals. The jugular vein is the usual site for catheterization. In the
absence of patent jugular veins, the median, cephalic, lateral tho-
racic, or saphenous veins can be used. In those settings where in-
halation anesthesia of horses for longer than 1 h is routine and fre-
quent, additional equipment is required. The maintenance of
adequate arterial blood pressure in horses has been shown to cor-
relate with a reduced number of postanesthetic complications.8

Arterial blood pressure can be measured inexpensively using an
aneroid manometer following aseptic placement of a catheter (18
to 22 gauge) in a peripheral artery. Aneroid manometers enable
the estimation of mean arterial blood pressure.9 At more expense,
some monitors with blood pressure transducers enable measure-
ment of systolic, mean, and diastolic blood pressures and may au-
tomatically display these values digitally. The maintenance of a
mean arterial blood pressure greater than 60 to 70 mm Hg is as-
sociated with a reduction in postoperative complications, so the
use of such devices and the correction of hypotension when it oc-
curs are necessary, particularly in horses anesthetized for 45 min
or longer.6,10 Appropriate padding helps to prevent pressure injury
to muscle tissues. Commercially available foam-rubber pads, air
mattresses, and water mattresses can be used for this purpose.

Preparation of Patients
A physical examination should be performed prior to the admin-
istration of any anesthetic drug. If a horse is only to be tranquil-

ized, a brief physical examination should emphasize the cardio-
vascular and respiratory systems. If recumbency is to be induced,
a more complete physical examination should be performed. A
thorough evaluation of the respiratory system is warranted.
Physical signs of respiratory disease include cough, discharge at
the nostrils or eyes, submandibular lymph node enlargement,
fever, and increases in respiratory rate. Auscultation should be
performed over both sides of the thorax. Occlusion of the nostrils
or the use of a plastic rebreathing bag to stimulate deep breath-
ing enables a better evaluation of breath sounds. Palpation of the
trachea and larynx may elicit a cough. Incipient respiratory dis-
ease can be further evaluated by performing a white blood cell
count, and counts in excess of 12,000 to 14,000 cells/mL are
cause for further evaluation. Serum fibrinogen levels can also be
used as an index of systemic inflammation. Horses with respira-
tory infections should be allowed 3 weeks to recover prior to
elective procedures. Many horses present with subclinical respi-
ratory disease. General anesthesia has been associated with de-
pression of immune function. A horse with subclinical respira-
tory disease could develop overt disease following anesthesia.

Respiratory stridor is another cause for concern. Most anes-
thetics cause relaxation of the muscles of the upper airway, par-
ticularly the nostrils.11 Relaxation of these muscles may allow
the nostrils to sag inward on inhalation, partially occluding the
airway. A tracheostomy should be performed prior to the induc-
tion of anesthesia if there is severe upper-airway obstruction or if
the nasal cavity will be occluded as part of the surgery. For ex-
ample, surgical techniques for removal of the nasal septum and
ethmoid hematomas require the placement of an absorbent pack
in the nasal cavity in order to effect hemostasis. A tracheostomy
is required because horses are obligate nasal breathers.

The cardiovascular system is evaluated clinically by auscultat-
ing for heart sounds, palpating peripheral pulses, evaluating the
color of mucous membranes, and assessing capillary refill time
and skin turgor. Physical signs of cardiovascular abnormalities
may include exercise intolerance, distension of the jugular veins
with and without jugular pulses, and pallor. Cardiac auscultation
must be performed in a quiet environment. Heart rate should be
determined, and the presence or absence of pauses noted. Pauses
should disappear if the horse is exercised briefly. Occasional
pauses can be evaluated further with an electrocardiogram.
Common physiological rhythm variations in horses include first-
degree heart block, second-degree heart block, sinus arrest or
sinoatrial block, and variably configured P waves. The most
common arrhythmia of clinical significance in horses is atrial
flutter or fibrillation. A presumptive diagnosis of atrial flutter can
be made by auscultating heart sounds of various intensities that
occur at irregular rates. The palpation of pulses of varying
strengths occurring at irregular intervals provides more evidence.
A diagnosis of atrial fibrillation can be confirmed with an elec-
trocardiogram. Atrial and ventricular premature contractions are
occasionally observed in horses prior to surgery. Atrial premature
contractions seem to have little significance. Premature ventricu-
lar contractions, particularly if they occur at a rate faster than
three per minute, should be evaluated further. Cardiac murmurs
can be ausculted in a relatively high percentage of adult horses.12
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Fig. 27.2. A horse placed in right lateral recumbency for surgery. All
ventral surfaces are padded with foam rubber. The front and rear legs
are separated with pads in an attempt to reduce venous compres-
sion. A chest rope is used to position the front legs. The position re-
duces the “lever arm” effect of the front legs and reduces pressure on
the weight supporting the shoulder. The chest rope should not be
overtightened because respiration could be impeded.



Most soft systolic murmurs (grade III out of VI or less) are inter-
preted as innocent flow murmurs in the absence of other signs of
cardiac disease. Potential sources of significant murmurs in
horses include ventricular septal defects, mitral valve insuffi-
ciency, and aortic insufficiency.

Neuromuscular function, in particular the presence or absence
of ataxia, should be evaluated to anticipate possible problems
with recovery from anesthesia. Other pertinent factors would in-
clude a history of “tying up” (rhabdomyolysis) or hyperkalemic
periodic paralysis.

Following a complete physical examination of the animal and
documentation of its medical history, ancillary tests and proce-
dures should be performed as indicated by the physical status and
history. The determination of packed cell volume and plasma
total protein is easy and inexpensive, and it provides baseline in-
formation about the oxygen-carrying capacity and hydration sta-
tus of the patient.

Some surgical procedures, such as ovariectomy, are facilitated
if food is withheld for 24 to 48 h prior to anesthesia. A prolonged
fast does not seem to be necessary for other procedures. Gastric
emptying occurs rapidly in horses; thus, a 4- to 6-h period of
withholding food should be adequate. Access to water should be
maintained. It has been suggested that horses anesthetized at
higher altitudes benefit from a longer period without food be-
cause of their propensity for gas distension. The shoes should be
removed or at least covered to decrease the chance that the horse
will lacerate itself on recovery. Before induction, the horse’s
mouth should be rinsed to remove foreign material.

Standing Chemical Restraint
A wide variety of agents have been used to produce chemical re-
straint in standing horses (Table 27.1). Current practice has
evolved to the point where three groups of agents are commonly
used: phenothiazines, �2-adrenergic agonists, and opioid recep-
tor agonists. Butyrophenone tranquilizers were reported to be ef-
fective in horses, but more recent reports suggest significant un-
desirable adverse effects that prevent their recommendation.13,14

Diazepam is used as a muscle relaxant in horses, but the level of

sedation produced is not profound enough to be useful for re-
straint.15 Chloral hydrate is a sedative-hypnotic that was widely
used for sedation and anesthesia prior to the availability of in-
halation anesthetics. The best use of chloral hydrate was for aug-
mentation of the effects of other sedatives and tranquilizers in
particularly obstreperous horses. Chloral hydrate is given intra-
venously and produces severe tissue necrosis if given perivascu-
larly. Chloral hydrate is not currently available in pharmaceutical
preparations suitable for horses.

Phenothiazine Tranquilizers
These produce calming and a relaxed state from which horses
can be aroused. Phenothiazine tranquilizers can be administered
orally, intramuscularly, and intravenously to horses. The two
drugs that are in common use are promazine and acepromazine.
Phenothiazines produce tranquilization by blocking the action of
neurotransmitters both centrally and peripherally. As in other
species, hypotension caused by �1-adrenergic blockade can be
produced. Hypotension is of particular concern in nervous or ex-
citable horses or in horses that have sustained blood loss or are
dehydrated. The respiratory effects of phenothiazines are mini-
mal and are generally limited to decreases in respiratory rate.
Persistent penile paralysis can occur after phenothiazine admin-
istration to horses. The mechanism of the effect is unknown.
Penile paralysis is uncommon but remains a consideration.
Treatment should include support of the penis to prevent or re-
duce swelling. Benztropine mesylate may be effective in resolv-
ing penile paralysis:16 8 mg of benztropine was administered to
two adult horses, and paralysis resolved within 10 min.16

Benztropine is used in the treatment of Parkinson’s disease and
is believed to have central anticholinergic effects.

Acepromazine is available as a 1% solution (10 mg/mL) for
parenteral injection. The onset of effect of acepromazine occurs
within 15 to 30 min of administration. The duration of tranquil-
ization following administration depends on the dose but may
persist for 6 to 10 h. Acepromazine produces calming, with min-
imal muscle relaxation or ataxia. Acepromazine does not produce
analgesia but may potentiate other drugs such as the opioids that
are analgesics. Acepromazine will not transform an aggressive
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Table 27.1. Drugs used for standing chemical restraint, for analgesia, and as preanesthetics

Drug Dose and Route Onset of Effect Comments

Acepromazine 0.02–0.05 mg/kg IM, IV 30–40 min IV, IM Use cautiously in stressed or hypotensive horses
Xylazine 0.5–1.0 mg/kg IV 3–5 min IV Ataxia produced, head-down posture

1.0 –2.2 mg/kg IM 10–20 min IM Start with a low dose and repeat as needed
Detomidine 0.01–0.02 mg/kg IV 3–5 min IV Ataxia produced, head-down posture

0.02–0.04 mg/kg IM 10–20 min IM Start with a low dose and repeat as needed
Can be given orally

Butorphanol 0.01–0.03 mg/kg IV 3–5 min Usually used in combination with a sedative or tranquilizer
Morphine 0.3–0.5 mg/kg IV 3–5 min Sedate with xylazine or detomidine prior to administering 

morphine
Potential for excitement.
Reversible with naloxone 

IM, intramuscularly; IV, intravenously; and PO, per os (orally).



horse into a docile one but will reduce the animal’s awareness
and response to external stimuli. Increasing the dose does not en-
sure a more pronounced effect, because approximately 30% to
40% of horses administered acepromazine do not attain the de-
sired effect. Acepromazine is used as an aid to training, to pro-
duce standing restraint, and prior to transportation because it is
long acting, inexpensive, and does not produce severe ataxia. The
most reliable indication that a horse has been sedated with ace-
promazine is extrusion of the penis from the sheath.17 Other
signs include some drooping of the eyelids and slight protrusion
of the third eyelid. Contraindications to the use of acepromazine
would include the previously mentioned blood-loss or shocklike
state, because of the �1-adrenergic antagonist effects of acepro-
mazine. The resulting hypotension is particularly prone to occur
after intravenous administration of acepromazine and can cause
syncope and recumbency. Treatment includes the intravenous ad-
ministration of large volumes of polyionic fluids. Known bleed-
ing disorders are another contraindication to acepromazine, be-
cause phenothiazines can inhibit platelet function.

�2-Adrenoceptor Agonists
These drugs produce sedation, analgesia, and muscle relaxation
when administered intravenously or intramuscularly to horses.
The three �2-adrenoceptor agonists currently available for equine
use in the United States are xylazine, detomidine, and romifidine,
with medetomidine used in other countries.18 The effects of the
drugs are similar, but detomidine is approximately 80 to 100
times more potent than xylazine and its action lasts twice as long.
Romifidine has a duration of action similar to detomidine, and its
sedative effects are less profound than those of either xylazine or
detomidine. �2-Adrenergic agonists are used for the temporary
relief of colic pain, as adjuncts to general anesthesia, and alone
and in combination with other drugs for standing chemical re-
straint. Xylazine and detomidine have also been administered
epidurally to produce regional analgesia.19,20 �2-Adrenergic ag-
onists reach peak effect in 3 to 5 min after intravenous adminis-
tration and within 10 to 15 min of intramuscular administration.
Oral administration is usually saved for occasions when a horse
is not amenable to injections because of inconsistent effects. Oral
(sublingual) administration of detomidine has been shown to pro-
duce profound sedation 45 min after administration.21

Sedation with �2-adrenergic agonists is characterized by pro-
found depression, with the horse assuming a head-down posture.
The horse may attempt to head press. The eyelids and lips droop,
and the horse may sway because of the muscle relaxation and
ataxia produced. The muscles of the nostrils relax, which may
lead to snoring or potentially obstruction in predisposed horses.
Normal horses rarely become recumbent following �2-adrener-
gic agonist administration, but they may be difficult to move be-
cause of ataxia and muscle relaxation. �2-Adrenergic agonists
may have more pronounced effects in foals, so the dose should
be reduced. As in other species, the administration of �2-adren-
ergic agonists is characterized by decreases in cardiac output,
primarily caused by increases in vascular resistance and de-
creases in heart rate. �2-Adrenergic agonists may induce or exac-
erbate first-degree and second-degree atrioventricular blockade.

Respiration is depressed, but the effect is usually not apparent
unless other drugs are coadministered or anesthesia is induced.
The frequency and volume of urination are increased after ad-
ministration of �2-adrenergic agonists. In adult horses, serum
glucose levels increase and serum insulin levels decrease.22 The
effects of �2-adrenergic agonists can be antagonized by the ad-
ministration of yohimbine, atipamezole, or tolazoline.23

�2-Adrenergic agonists are frequently used in horses with ab-
dominal pain to facilitate evaluation and for pain relief. By re-
peated evaluation and general consensus, �2-adrenergic agonists
are the most effective available drugs for the treatment of colic
pain.24,25 The use of �2-adrenergic agonists is controversial,
however, because in addition to relieving colic pain, they cause
decreases in intestinal propulsive activity. Thus, although the
pain is controlled, the resolution of the cause of the abdominal
pain may be slowed. The duration of the reduction in propulsive
activity approximates the duration of sedation. A rational ap-
proach is to administer small doses of �2-adrenergic agonists in-
travenously and frequently reevaluate the patient, and then read-
minister the drug as necessary. Xylazine may be more useful in
this setting than detomidine because xylazine has a briefer ac-
tion, prompting more frequent reevaluation.

Opioid Receptor Agonists
Opioids have been used to produce analgesia and augment chem-
ical restraint in horses. Because of their ability to cause nervous-
ness and excitability, opioids are most frequently used in combi-
nation with sedatives or tranquilizers to produce standing
chemical restraint. Butorphanol, a synthetic opioid agonist-
antagonist, is approved for treatment of abdominal pain in horses.
Butorphanol is less apt to cause excitement than are opioid ago-
nists but can cause nervousness and ataxia at higher doses. Both
the analgesia and nervousness produced by opioid agonists and
agonists-antagonists can be reversed by naloxone, an opioid an-
tagonist. Caution should be used, however, because the duration
of effect of some opioid agonists, such as morphine, may be
longer than that of the antagonist. This could lead to renarcotiza-
tion (resumed excitement) 4 to 6 h after narcotic administration.
Such excitement responds to the administration of additional an-
tagonist or a tranquilizer. The clinical use of opioids is discussed
in the Standing Chemical Restraint section. A myriad of poten-
tial combinations can be used to produce standing chemical re-
straint, but most combine a sedative-tranquilizer with an opioid.

Acepromazine and Xylazine Combination
This combination has been used to improve tranquilization with
some reduction in deleterious side effects.26 Reduced doses of
both drugs are used, typically 0.02 to 0.03 mg/kg of acepro-
mazine and 0.2 to 0.5 mg/kg of xylazine. The drugs can be com-
bined in the same syringe and are usually given intravenously.
The reduced dose of xylazine produces less ataxia and less of a
head-down posture than would be seen with xylazine alone
(given in a higher dose). Thus, the horse stands more squarely on
all four feet. The combination produces faster onset and longer
action than either agent given alone. The suppliers of xylazine
caution against its coadministration with tranquilizers.
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Sedative/Tranquilizer-Opioid Combinations
The combination of xylazine and butorphanol has been investi-
gated.27 When combined, the dose of xylazine is usually reduced
because butorphanol provides some analgesia with few deleteri-
ous cardiovascular side effects. Because of the reduced dose of
xylazine, the horse is usually less ataxic. Occasionally, horses
twitch and jerk their heads after being given this combination.
Head pressing may occur. The drugs can be given in combination
in the same syringe. The analgesia produced is not sufficient to
perform a skin incision, so local anesthetic blockade may be
needed. Butorphanol has also been used in combination with
detomidine.28

The combination of �2-adrenergic agonists and morphine has
been used to produce standing chemical restraint for surgery.29,30

Morphine should not be given until a horse is fully sedate, be-
cause of the potential for excitement. Within 5 min of morphine
administration, the horse assumes a head-down, sawhorse posi-
tion. The placement of a nose twitch and elevation of the head
may be helpful in stabilizing patients on all four feet. Although
analgesia is produced, horses remain sensitive to touch, so the
technique is usually combined with local blockade. Both drugs
are potentially reversible using an �2-adrenergic antagonist (e.g.,
yohimbine or tolazoline) and an opioid receptor antagonist (e.g.,
naloxone). As mentioned, occasionally, renarcotization (excite-
ment or nervousness) occurs following administration of the
combination, owing to the long half-life of morphine in horses.
The excitement can be abated by administration of a narcotic an-
tagonist or simply by tranquilizing the patient.

Analgesia
The recognition and management of pain has long been a part of
equine practice. The goals of pain management cover a wide
range from simply reducing the inflammation and discomfort of
mild arthritis to the ordeal of exerting control over a violent,
thrashing mare with a distended abdomen. Traditional ap-
proaches to providing analgesia include the administration of
nonsteroidal anti-inflammatory drugs (NSAIDs), local anesthet-
ics, and many of the drugs used for standing chemical restraint
(�2-adrenergic agonists and opioids). Other drugs, not classically
considered analgesics, such as steroids, orgotein, methocar-
bamol, and polysulfated glycosaminoglycans, are used because
they are anti-inflammatory and, as such, may increase the com-
fort of individuals. In addition, acupuncture has been reported to
relieve back pain in exercising horses and to reduce the anes-
thetic requirement for other drugs.31,32

Pain is infrequently mentioned as a presenting complaint by
horse owners. Most gait abnormalities occur when an animal al-
ters its locomotion in order to reduce pain. The pain is localized
by progressively and selectively desensitizing regions and struc-
tures until the gait abnormality is altered or resolved. Once local-
ized, the source of the pain is investigated with imaging modali-
ties and is modified or, if possible, removed. Alternatives to
removal include the administration of systemic analgesics or sen-
sory denervation. Colic represents another presenting pain sign.
Frequently, the response to analgesic administration aids in the

determination of the severity of the disease. Mild episodes of
colic are initially treated with NSAIDs. If the analgesia produced
by NSAIDs is insufficient, short-acting �2-adrenergic agonists
are used to provide analgesia and facilitate further diagnostic
procedures. The response to �2-adrenergic agonist administra-
tion and the information gleaned from diagnostic procedures are
used to determine the severity of the disease and whether an
abdominal exploratory surgery is required. The use of �2-
adrenergic agonists and opioids in colic treatment is limited by
their effects on gastrointestinal motility. The reductions in motil-
ity and increases in sphincter tone may slow the resolution of hy-
pomotile states and contribute to postoperative ileus. Other drugs
(lidocaine and ketamine) and therapeutic modalities (acupunc-
ture) are being investigated to determine their utility in produc-
ing analgesia for colic pain with fewer overall side effects.

A number of NSAIDs have been approved for use in horses
(Table 27.2).33 Phenylbutazone administered orally and intra-
venously is widely used for the treatment of inflammation and
pain associated with acute and chronic musculoskeletal injuries
and conditions. Phenylbutazone administration enables some un-
sound horses to live apparently comfortable lives and may permit
performance in horses that cannot otherwise compete. For this
reason, phenylbutazone administration in many racing jurisdic-
tions is limited to a maximum allowable plasma concentration.
Phenylbutazone and other NSAIDs are also used to provide peri-
operative analgesia for orthopedic and other surgery. Ketoprofen,
flunixin meglumine, naproxen, meclofenamic acid, and di-
clofenac are additional NSAIDs approved for use in horses in the
United States. These other drugs are primarily used as alterna-
tives to phenylbutazone for selected indications. Flunixin meglu-
mine is also used for relief of the pain associated with colic.
Diclofenac is approved for topical administration as a liposome-
based topical cream. It is approved for control of pain and in-
flammation associated with osteoarthritis of the tarsal, carpal,
and distal joints. Renal failure, gastrointestinal ulceration, diar-
rhea, hypoproteinemia, and anemia are reported side effects of
NSAID administration.34,35 The incidence of side effects is dose
dependent and is greatest in foals, in hypovolemic animals, and
when the drugs are administered for extended periods. Anecdotal
evidence suggests that some NSAIDs are more effective when
given in combination, but the relevant scientific literature is lim-
ited.36 A number of NSAIDs with increased selectivity for the in-
hibition of inducible prostaglandin synthesis have been devel-
oped for other species. The development and use of similar
compounds for horses is minimal and will probably be limited 
by cost.

The use of local and regional analgesic techniques in horses is
increasing. Local anesthetic agents are frequently used in equine
dentistry, in the diagnosis of lameness, and to desensitize areas
for standing surgery. Local anesthetics are also increasingly
being used in combination with general anesthesia to reduce cen-
tral sensitization, reducing the requirements for postoperative
analgesia. The epidural or spinal administration of local anesthet-
ics desensitizes the perineum for surgery or obstetric manipula-
tions. The epidural administration of �2-adrenergic agonists and
opioids, alone and in combination with local anesthetics, pro-
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vides analgesia for the perineum and hindquarters of increased
duration with less muscle relaxation and ataxia.37 Detomidine
has been used to produce analgesia as far rostrad as the 14th tho-
racic dermatome without producing recumbency, indicating se-
lectivity for inhibiting pain over motor fibers.20 The placement of
a catheter in the epidural space allows for repeat administration,
extending repeated administration for as long as 14 days.38

Intravenous Anesthesia
A number of injectable drug combinations have been used to
produce anesthesia in horses (Table 27.3).39 The most com-
monly used agents include the thiobarbiturates, ketamine, and
guaifenesin or diazepam in combination. It is paramount that
horses be calmed prior to the induction of anesthesia. The ad-
ministration of appropriate doses of preanesthetic agents, prima-
rily phenothiazines and �2-adrenergic agonists, not only pro-
duces calm, sedate patients, but allows for a reduced dose of
anesthetic. The maxim to “never anesthetize an excited horse”
should serve as a warning. Intravenous anesthesia is commonly
used because of the ambulatory nature of equine practice.

Although all anesthetized horses benefit from oxygen supple-
mentation, intravenous anesthesia can usually be safely pro-
duced in healthy horses for periods up to 1 h without oxygen
supplementation.

Cyclohexamine anesthetics (ketamine and tiletamine) produce
a state that has been called dissociative anesthesia and is charac-
terized by comparatively good cardiopulmonary support and
short duration. Heart rate, arterial blood pressure, and cardiac
output are well maintained. Although respiration is depressed,
with a characteristic apneustic breathing pattern, apnea is infre-
quent. The main complication of cyclohexamine anesthesia is
poor to inadequate skeletal muscle relaxation. Cyclohexamine
anesthetics should not be given to horses unless a profound de-
gree of skeletal muscle relaxation is present. Skeletal muscle is
usually relaxed by the administration of an �2-agonist and di-
azepam or guaifenesin. A commonly used technique for the pro-
duction of intravenous anesthesia is the combination of xylazine
(1.0 mg/kg intravenously [IV]) with ketamine (2.2 mg/kg IV).40

Xylazine should be given 3 to 5 min prior to ketamine to ensure
the horse is sedate and muscle relaxation is evident. Horses be-
come recumbent within 90 to 120 s of ketamine administration,
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Table 27.2. Nonsteroidal anti-inflammatory drugs used for analgesia

Drug Dose and Route Dosing Interval Comments

Phenylbutazone 2.2–4.4 mg/kg IV, PO 8–12 h Very irritating given perivascularly
Flunixin meglumine 1.1 mg/kg IV, PO, IM 12–24 h Infrequently used IM because of local reactions
Ketoprofen 2.2 mg/kg IV 12–24 h Once daily for 5 days
Meclofenamic acid 2.20 mg/kg PO 24 h Approved but not marketed for horses
Naproxen 10 mg/kg PO 24 h Approved but not marketed for horses
Carprofen 0.7 mg/kg IM 24 h Less than 25% of the dog dose

IM, intramuscularly; IV, intravenously; and PO, per os (orally).

Table 27.3. Drugs used for induction and maintenance of anesthesia in sedate horses

Drug Dose Comments

Ketamine 1.5–2.0 mg/kg IV Horses must be maximally relaxed prior to administration
Relaxation can be produced with xylazine, diazepam, or guaifenesin

Thiopental 4–6 mg/kg IV with guaifenesin Potential for apnea with administration of large boluses
7–12 mg/kg without guaifenesin Use with guaifenesin to allow a reduction in dose

Guaifenesin 50 mg/kg IV, to effect Primarily a muscle relaxant
Do not use alone
Use in sedate horses in combination with ketamine or thiopental

Diazepam 0.06–0.1 mg/kg IV Primarily a muscle relaxant
Used primarily with ketamine

Tiletamine-zolazepam 0.7–1.0 mg/kg IV Horse should be fully sedate before administration
Produces 30 min of anesthesia with good muscle relaxation
Hypoventilation may occur 

“Triple-drip” (mixture of 2 mL/kg/h Not used for induction in adult horses
guaifenesin 5%, Used to extend xylazine-ketamine or xylazine-diazepam-ketamine 
ketamine 0.1%, and anesthesia
xylazine 0.05%) Monitor ventilation and the degree of muscle relaxation

IM, intramuscularly; IV, intravenously; and PO, per os (orally).



are anesthetized for approximately 15 to 20 min, and stand
within 30 to 45 min after induction. Horses that are not com-
pletely sedated prior to ketamine administration may not lie
down or may stay recumbent only briefly.41 Recoveries from
xylazine-ketamine anesthesia are generally smooth, with horses
requiring a single attempt to stand. The addition of diazepam
(0.05 to 0.1 mg/kg IV) to xylazine-ketamine anesthesia shortens
the time to induction and makes it more predictable, improves
muscle relaxation, and extends anesthesia time approximately 5
min.42,43 Guaifenesin can also be used to augment muscle relax-
ation. Xylazine-ketamine anesthesia can be extended by read-
ministering half of the original dose of each agent, by adminis-
tering boluses of thiobarbiturates (thiopental, 1.0 mg/kg IV), or
by the administration of guaifenesin.44 The combination of xy-
lazine (1.0 mg/kg IV) with a commercially available cyclohexa-
mine combination of tiletamine and zolazepam (Telazol, 1.0 to
1.5 mg/kg IV) produces somewhat longer-term anesthesia (25 to
35 min) with improved muscle relaxation and greater respiratory
depression.45 Zolazepam is a benzodiazepine tranquilizer (simi-
lar to diazepam) that relaxes skeletal muscle. The recoveries
from xylazine-tiletamine-zolazepam anesthesia are not as
smooth as those following xylazine-ketamine anesthesia. The use
of a combination of detomidine, ketamine, and tiletamine-
zolazepam in xylazine-sedated horses has been described.46

Tiletamine-zolazepam powder (500 mg) is reconstituted with 4
mL of 100 mg/mL of ketamine and 1 mL of 10 mg/mL of deto-
midine. This combination is administered at a dose of 1 mL/150
kg body weight and produces a smooth induction and approxi-
mately 40 min of recumbency with minimal analgesic effect.
These combinations can be used for induction of anesthesia prior
to the administration of inhalant anesthetic agents. Neither keta-
mine, diazepam, nor tiletamine-zolazepam are approved for use
in horses.

Thiobarbiturates can be used to produce short-term or long-
term intravenous anesthesia in horses. Horses should be sedated
prior to thiobarbiturate administration because this allows for a re-
duction of dose. The dose can be further reduced if guaifenesin is
administered prior to or in combination with a barbiturate.
Induction of anesthesia with thiobarbiturates in non-premedicated
horses is often stormy. Induction and recovery can be smoothed
by prior administration of a sedative or tranquilizer. The larger
the dose of thiobarbiturate, the more likely that apnea will oc-
cur. Anesthesia from a single barbiturate bolus lasts approxi-
mately 15 to 20 min, with recovery occurring within 45 to 60
min. More than one attempt to stand may be required, and there
may be a period of ataxia. Recovery is usually acceptable if the
total intravenous dose of thiobarbiturate is less than 7 mg/kg. The
use of thiobarbiturates as the sole anesthetic agent has been
largely supplanted by other techniques, although thiopental is
still frequently used in combination with other agents (guaifen-
esin) or to induce anesthesia that is maintained with inhalant
agents.

Guaifenesin is a centrally acting skeletal muscle relaxant that
produces mild sedation and variable analgesia. Guaifenesin is in-
travenously administered in 5%, 10%, and 15% concentrations
given to effect (50 to 100 mg/kg). Frequently, a pressurized de-

livery system is used because large volumes must be adminis-
tered rapidly (Fig. 27.3). Higher concentrations of guaifenesin
are difficult to store and may be associated with hemolysis.47

Guaifenesin should not be given alone, because it does not pro-
vide sufficient analgesia for surgery. Guaifenesin is usually ad-
ministered in combination with agents that produce analgesia
(xylazine and ketamine) or a hypnotic state (thiobarbiturates).
Guaifenesin is incorporated in many anesthetic techniques be-
cause it allows a dose reduction in sedatives and anesthetics that
produce greater cardiopulmonary depression. Guaifenesin pro-
duces profound skeletal muscle relaxation with comparatively
minimal depression of arterial blood pressure and cardiac output.
Diaphragmatic function is minimally depressed, but arterial pH
and blood gases are affected when recumbency is produced.
Horses should be sedated prior to the start of guaifenesin infu-
sion. Guaifenesin can be mixed with thiobarbiturates (0.2% to
0.3% thiopental, 2 to 3 g, in 1 L of guaifenesin), enabling a re-
duction in the dose of thiobarbiturate required. The combination
is administered rapidly, to effect. Once recumbency has been
produced, the rate of administration is slowed or stopped, de-
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Fig. 27.3. Guaifenesin is administered in large volumes. The use of
a pressure bag shortens the time of delivery, facilitating induction of
anesthesia.



pending on the depth of anesthesia required. The induction dose
produces anesthesia that lasts 15 to 25 min. If longer periods are
required, additional guaifenesin-thiopental can be administered.
Alternatively, guaifenesin can be administered to effect (buckling
of the knees and lowering of the head), followed by a bolus of
thiobarbiturate (thiopental, 3 to 4 mg/kg) or ketamine (1.5 to 2.2
mg/kg). This latter technique enables a more accurate prediction
of when recumbency will occur.

The combination of an �2-adrenergic agonist, guaifenesin, and
ketamine has been used to produce anesthesia in horses or as a
method of extending the anesthesia produced by other techniques
(Table 27.3).48 One combination is formulated by combining 500
mg of xylazine, 2000 mg of ketamine, and 50 g of guaifenesin in
1 L of sterile water. Anesthesia is usually induced by administer-
ing xylazine and then ketamine, as previously described, but may
be induced by rapidly administering the combination to effect
(approximately 1 to 2 mL/kg) followed by an infusion of 2.2
mL/kg/h for maintenance. This combination provides useful
anesthesia with good muscle relaxation. Respiratory depression
and bradycardia are primary concerns and should be monitored
carefully. Additionally, the appearance of the eyeball helps in de-
termining whether a horse is appropriately anesthetized. Patients
should have a brisk palpebral reflex, occasional nystagmus
should be present, and the eye should appear wet, which is evi-
dence of tear production. Recovery from anesthesia is generally
good.

Inhalation Anesthesia
Inhalation anesthetics, which are frequently used for mainte-
nance of general anesthesia in horses, are occasionally used for
induction of anesthesia in foals following nasotracheal intuba-
tion, while adult horses are more safely induced with an intra-
venous technique. Halothane, isoflurane, and sevoflurane are
commonly used clinically. Nitrous oxide is not recommended be-
cause of the difficulties in maintaining adequate oxygenation in
recumbent horses. Nitrous oxide diffuses into closed gas spaces
(intestinal gas) and enlarges them, predisposing horses to bloat
and ileus. Inhalation anesthetics are usually delivered in oxygen
via a sealed airway, thus optimizing the inspired concentration of
oxygen. The administration of inhalation anesthetic agents to
horses requires specifically designed large animal anesthetic ma-
chines and precision, out-of-the-circle vaporizers. Inhalation
anesthesia is usually used for horses that are anesthetized for
longer than 45 min and for those that have cardiovascular or res-
piratory compromise. Inhalant administration requires vigilant
monitoring of anesthetic depth and cardiopulmonary function.
The anesthetic effects produced by various inhalant anesthetics
are very similar.49 Inhalant anesthetics are cardiopulmonary de-
pressants.50 Cardiac output may be somewhat better maintained
with isoflurane and sevoflurane, but arterial blood pressure may
be lowered. Respiratory depression is comparable, but horses
breathing isoflurane or sevoflurane may breathe more slowly.
Horses awaken most rapidly after sevoflurane administration fol-
lowed by isoflurane and then halothane, relative to the solubility
coefficients of the drugs.51,52 This may alter the management of

the latter part of the anesthetic period in that the administration
of sevoflurane or isoflurane may have to be continued longer
than for halothane in order to assure that a horse does not attempt
to rise too quickly following the termination of the procedure.

Monitoring and Perianesthetic
Supportive Care
Monitoring is the key to safe anesthetic practice. The American
College of Veterinary Anesthesiologists has developed a set of
guidelines for anesthetic monitoring that call for routine assess-
ment and recording of indices of circulation, oxygenation, and
ventilation at regular intervals (assessment every 5 min and
recording at least every 10 min).53 Horses are specifically men-
tioned, with the suggestions that a continuous electrocardiogram
and a noninvasive blood flow or blood pressure monitor and/or
direct monitor of arterial blood pressure be employed in horses
anesthetized for longer than 45 min and/or horses anesthetized
with inhalant anesthetics. Documentation of all drugs adminis-
tered and the dose, time, and route of their administration along
with a regular recording of the monitored variables complete the
anesthetic record. In addition to these indices, anesthetic depth
should be regularly assessed, and appropriate adjustments made
as necessary. Documentation, through the development of an
anesthetic record, of the physical status of the patient and the
drugs administered, and periodic evaluations of the drug’s car-
diopulmonary effects, are necessary, not only for safe anesthesia
but also to help minimize the veterinarian’s liability should com-
plications arise that result in examination of the methods used.
Horses that have lost blood or are in shock should be aggres-
sively treated with intravenous fluids prior to induction of anes-
thesia.

Physical methods of monitoring (no equipment required) usu-
ally suffice for short-term anesthesia. The skills required for
physical monitoring of anesthesia parallel those skills required to
perform a physical exam. The eye is of particular interest. During
surgical levels of anesthesia with inhalants, horses have a dull
palpebral reflex (the eyes close slowly when the eyelashes are
stimulated) and a strong corneal reflex (the eyes close rapidly
when pressure is applied to the cornea). Nystagmus can be pres-
ent, but it is usually slow and the eye should be moist. Sponta-
neous blinking or rapid nystagmus are signs of light planes of
anesthesia. Eye signs are not helpful during anesthesia with the
cyclohexamine anesthetics (ketamine and tiletamine), because
these agents cause rapid nystagmus, blinking, and tearing, irre-
spective of the anesthetic plane. For longer anesthetic periods,
particularly those where hypotension or respiratory depression is
expected, arterial blood pressure should be measured. The main-
tenance of mean arterial blood pressure higher than 60 mm of Hg
has been identified as a critical factor in preventing postanes-
thetic myopathies in horses.6,54 The preferred method of meas-
urement of arterial blood pressure is the use of an indwelling ar-
terial catheter and a measuring device that indicates pressure in
millimeters of mercury (mm Hg). Blood pressure alterations are
a reasonably good index of anesthetic depth in addition to their
use in the assessment of cardiovascular status. Blood pressure
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falls as anesthesia deepens and increases as anesthesia lightens.
Mean arterial blood pressure should range between 60 and 90
mm Hg during anesthesia. A mean arterial blood pressure lower
than 60 mm Hg is associated with the loss of autoregulation of
blood flow to some vascular beds and should be avoided.6

Hypotension is treated by decreasing the delivery of anesthetics
(if possible), administering intravenous fluids (crystalloids and
colloids), and administering vasoactive drugs. If the anesthetic
plane is appropriate, the rate of fluid administration should be in-
creased. The maintenance rate of fluid administration during
anesthesia ranges from 5 to 10 mL/kg/h. Fluids can be rapidly
administered with a pump if hypotension occurs. Fluid rates
should be decreased if the packed cell volume falls below 20% or
the total protein concentration falls below 3.5 g/dL. Hypovole-
mia in the presence of low packed cell volume and total protein
must be corrected by using blood or blood products.

Hypotension that does not respond to fluid therapy is treated
with inotropic or vasoactive agents such as dobutamine or
ephedrine. Dobutamine is a synthetic catecholamine that in-
creases cardiac output and arterial blood pressure by increasing
the strength of myocardial contractions.55 Dobutamine is admin-
istered slowly (infused) to effect and then titrated to maintain a
desired arterial blood pressure. Signs of overdose include tachy-
cardia, hypertension, and supraventricular and ventricular prema-
ture arrhythmias. The infusion should be reduced or discontinued
if signs of toxicity occur. Dobutamine has a brief effect, so its ef-
fects decrease rapidly when it is discontinued. Ephedrine pro-
duces similar effects increasing arterial blood pressure and car-
diac output.56 Ephedrine is given as an intravenous bolus and
produces effects that persist for 20 to 30 min or longer. The ad-
ministration of calcium solutions may produce increases in arte-
rial blood pressure particularly if ionized calcium levels are mar-
ginal or decreased.57

Anesthetized horses hypoventilate to varying degrees. The
compromises produced by hypoventilation are generally well tol-
erated during briefer anesthetic periods (less than 45 min) in
healthy horses. The compromises become more critical as anes-
thesia lengthens or if disease is present. Horses anesthetized for
longer than 45 to 60 min benefit from oxygen supplementation
and may benefit from assisted ventilation. Other maneuvers, in-
cluding the application of positive end-expiratory pressure, the
use of bronchodilators, and selective ventilation, have been in-
vestigated but have not been widely adopted.58–60 In the absence
of arterial blood-gas analysis, oxygen should be supplemented
during prolonged anesthesia. Arterial blood-gas analysis can help
identify horses that are hypoventilating or shunting pulmonary
blood flow and thus direct therapeutic interventions.

Acute bouts of hyperkalemic periodic paralysis have been
reported during anesthesia.61,62 In addition, laryngeal and pha-
ryngeal dysfunction has been reported that could compromise
airway function.63 Chronic treatment of hyperkalemic periodic
paralysis with acetazolamide seems to be effective in reducing
the incidence of hyperkalemia, but patients predisposed to the
disease are at increased risk. Signs of hyperkalemia in anes-
thetized horses include protrusion of the third eyelid, muscle fas-
ciculations, bradycardia, and electrocardiographic changes, in-

cluding flattening of P waves, tenting of T waves, and widening
of the QRS complex. Hypotension may be present. Anticholiner-
gics are frequently ineffective in the treatment of bradycardia.
Initial treatment should include the administration of calcium-
containing solutions such as calcium gluconate to counteract the
cellular effects of hyperkalemia. Large quantities of potassium-
deficient fluids should be administered intravenously to reduce
potassium levels by dilution. Two other methods of reducing
serum potassium levels include the administration of sodium bi-
carbonate and the use of glucose-containing solutions with
dextrose.

Recovery
This is a critical phase of equine anesthesia but in many ways the
least controllable.64 As a horse awakens from anesthesia, it may
try to rise prematurely and subsequently fall, creating excite-
ment. This excitement may lead to further attempts to stand with
poor results. Ideally, horses regain consciousness within 10 to 20
min of anesthetic discontinuation, roll to sternal recumbency for
a brief period, and then rise. Most horses return to standing
within 1 h of anesthetic drug discontinuation. Attempts to speed
the recovery process usually cause horses to have a prolonged pe-
riod of unsteadiness once they stand. Recovery should only be
prompted if a horse had cardiopulmonary embarrassment while
anesthetized. In this instance, rolling the horse into sternal re-
cumbency during recovery improves oxygenation. Insufflation or
the use of a demand valve can also support oxygenation.7 Horses
that try to rise too quickly can be sedated with small doses of in-
travenous xylazine (0.2 mg/kg). Laryngospasm is infrequent in
horses. Some anesthetists prefer to leave the endotracheal tube in
place until a horse is standing. Others remove the endotracheal
tube when a horse begins to swallow (in lateral recumbency). It
is important that horses swallow when the endotracheal tube is
removed so that the soft palate is replaced in its normal position
under the epiglottis. Occasionally, particularly after dorsal re-
cumbency, congestion of the nasal passage causes snoring.
Congestion can be alleviated by the intranasal administration of
phenylephrine prior to recovery or the passage of a 30- to 40-cm-
long, 10- to 14-mm (internal diameter) endotracheal tube (Fig.
27.4) into the nasopharynx via the ventral meatus.65 The tube is
tied to the halter to prevent aspiration and is removed after the
horse stands.

Presumably, smoother recoveries are facilitated by placing
horses in a quiet, darkened environment. Good footing is impor-
tant. As a horse tries to stand, it needs to be able to plant its feet
and not have them slip. The horse can be aided to its feet by at-
taching head and tail ropes. In stalls specifically designed for re-
covery, strong metal rings can be attached to opposite walls. The
head and tail ropes can be passed through the rings (Fig. 27.5),
removing the supporting personnel from the immediate area of
the horse.

Horses that fail to rise within 90 min of the end of anesthesia
should be evaluated further. Potential causes include weakness,
rhabdomyolysis, or neurogenic paralysis. Weakness may be the
result of residual tranquilization or electrolyte abnormalities
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(hypocalcemia or hyperkalemia). Rhabdomyolysis and neuro-
genic paralysis are difficult to differentiate. Horses often attempt
to stand but cannot or stand on three legs if a single limb is af-
fected. Orthopedic injury should be ruled out. The treatment of
rhabdomyolysis and neurogenic paralysis is similar and essen-
tially supportive. Intravenous fluids are indicated to promote per-
fusion and assure urine formation to minimize the chances for
myoglobinuric renal failure. Acepromazine in small doses can be
administered to calm horses and to promote peripheral perfusion.

Small doses of diazepam (0.02 to 0.04 mg/kg IV) can reduce
muscle cramping. The muscle relaxant dantrolene and nonster-
oidal anti-inflammatory agents have also been advocated. Unaf-
fected weight-bearing limbs should be wrapped with support
bandages. Horses that have a single limb affected usually can
stand and have a good prognosis for recovery. Prolonged recum-
bency worsens the prognosis. Early aggressive treatment is re-
quired for a successful outcome.
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Introduction
As in other species, sedation and anesthesia are often required for
surgical or diagnostic procedures in ruminants. The decision to
induce general anesthesia may be influenced by a ruminant’s
temperament and its specific anatomical and physiological char-
acteristics. Ruminants usually accept physical restraint well and
that, in conjunction with local or regional anesthesia, is often suf-
ficient to enable completion of many procedures. Other diagnos-
tic and surgical procedures that are more complex require general
anesthesia.

In addition to discussing techniques for cattle, goats, and sheep,
anesthetic techniques for South American camelids, primarily lla-
mas and alpacas, are discussed. South American camelids do not
accept restraint as well as domestic ruminants and often require
sedation before local or regional anesthesia. Although they have
some unique species characteristics regarding anesthesia, many of
the principles and techniques used in food-animal and equine
anesthesia also apply to South American camelids. Except for dif-
ferences in size, anesthetic management of alpacas and llamas is
similar.

Preanesthetic Preparation
Considerations for preanesthetic preparation include fasting, as-
sessment of hematologic and blood chemistry values, venous

catheterization, and estimation of body weight. Domestic rumi-
nants have a multicompartmental stomach with a large rumen
that does not empty completely. South American camelids have
a stomach divided into three compartments.1 Each species, there-
fore, is susceptible to complications associated with recumbency
and anesthesia: tympany, regurgitation, and aspiration pneumo-
nia. To reduce the risk associated with these potential complica-
tions, calves, sheep, goats, and camelids should be fasted 12 to
18 h and deprived of water for 8 to 12 h prior to anesthesia. Adult
cattle should be fasted 18 to 24 h and deprived of water for 12 to
18 h. In nonelective cases, this is often not possible, and precau-
tions should be taken to avoid aspiration of gastric fluid and in-
gesta. Fasting neonates is not advisable because hypoglycemia
may result. Fasting and water deprivation will decrease the like-
lihood of tympany and regurgitation by decreasing the volume of
fermentable ingesta. Fasting can also cause bradycardia in cat-
tle.2 Additionally, pulmonary functional residual capacity may be
better preserved in fasted anesthetized ruminants.3 Although gas
does not appear to accumulate in the first compartment of anes-
thetized camelids, these precautions are recommended to de-
crease the incidence of regurgitation. Even with these precau-
tions, some ruminants will become tympanitic, whereas others
will regurgitate.

Hematologic and blood chemistry values may be determined
before anesthesia. Results should be compared with reference
values.4–7 Venipuncture and catheterization of the jugular vein
are often performed prior to anesthesia. Adult cattle require 12-
to 14-gauge catheters, whereas 16-gauge catheters are appropri-
ate for adult camelids, calves, and large goats and sheep, and 18-
gauge catheters are appropriate for juvenile camelids, sheep, and
goats. Physical restraint during venipuncture or catheterization
varies and can consist of a handler holding the animal’s halter or
use of head gates and chutes for adult cattle and llamas. If a
camelid is fractious, grasping its ear may be helpful. Turning the
animal’s head to either side may hinder venipuncture and
catheter placement in goats and camelids. Infiltration of local
anesthetic to desensitize skin structures at the site of catheteriza-
tion is recommended.

Camelids do not have a jugular groove. The jugular vein lies
deep to the sternomandibularis and brachiocephalicus muscles,
ventral to cervical vertebral transverse processes, and superficial
to the carotid artery and vagosympathetic trunk within the carotid
sheath for most of its length.8–10 Beginning at a point about 15
cm caudal to the ramus of the mandible, the rostral course of the
jugular vein is separated from the carotid artery by the omohy-
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oideus muscle. The bifurcation of the jugular vein is located at
the intersection of a line drawn caudally along the ventral aspect
of the body of the mandible and another line connecting the base
of the ear and the lateral aspect of the cervical transverse
processes. Venipuncture or catheterization can be performed at
the bifurcation or at any point caudal to it. Because of the close
proximity of the carotid artery to the jugular vein, one must con-
firm that the vein has been catheterized and not the artery. After
occlusion of the vessel, one will be unable to see the jugular vein
distend; however, the vein can be palpated particularly rostrally
and more easily in females and altered males because their skin
is thinner. On occasion, one will be able to see the jugular vein
distend on crias and juvenile camelids. Camelids can have four to
five jugular venous valves that prevent flow of venous blood into
the head when the head is lowered during grazing.8 Contact with
jugular venous valves may prevent catheterization; a site caudal
to the point where the valve was contacted should be used.

For accurate drug administration, the animal must be weighed.
It is easy to overestimate the body weight of camelids because
they are fairly tall, and their long hair coat obscures their body
condition. Adult male llamas usually weigh 140 to 175 kg, occa-
sionally reaching or exceeding 200 kg. Adult female llamas usu-
ally weigh 100 to 150 kg but may occasionally exceed 200 kg.
Adult male alpacas usually weigh 60 to 100 kg, and adult female
alpacas usually weigh 50 to 80 kg. The body weight of crias and
small juveniles may be determined on a bathroom scale.

Anticholinergics are usually not administered to domestic ru-
minants prior to induction of anesthesia. They do not consistently
decrease salivary secretions unless used in higher doses given
frequently. Anticholinergics, while decreasing the volume of se-
cretions, make them more viscous and difficult to clear from the
trachea. The usual doses of atropine used to prevent bradycardia
in domestic ruminants (0.06 to 0.1 mg/kg intravenously [IV]) do
not prevent salivation during anesthesia. Camelids are prone to
increased vagal discharge during intubation or painful stimuli
during surgery. Atropine administration (0.02 mg/kg IV or 0.04
mg/kg intramuscularly [IM]) is recommended to prevent brad-
yarrhythmia and will also decrease salivary secretions.11

Glycopyrrolate (0.005 to 0.01 mg/kg IM or 0.002 to 0.005 mg/kg
IV) may be substituted for atropine.12,13

Sedation/Restraint
Drugs traditionally used to tranquilize and/or sedate ruminants
include acepromazine, the �2-agonists such as xylazine, detomi-
dine, medetomidine, and romifidine; pentobarbital, chloral hy-
drate, diazepam, and midazolam.

Acepromazine is the most commonly used phenothiazine de-
rivative tranquilizer in veterinary anesthesia. It is not commonly
used in ruminants but can be used in a manner similar to its use
in horses. In general, though, lower doses of acepromazine are
required for cattle than for horses. The usual doses of acepro-
mazine used in sheep and goats are 0.03 to 0.05 mg/kg IV and
0.05 to 0.1 mg/kg IV,14 which may increase the risk of regurgita-
tion during anesthesia.14 Acepromazine should not be injected
into the coccygeal vein. The close proximity of the coccygeal ar-

tery makes the risk of inadvertent intra-arterial injection possible,
with subsequent loss of the tail. Acepromazine can also cause
prolapse of the penis and is contraindicated in debilitated and hy-
povolemic patients.

Xylazine, detomidine, romifidine, and medetomidine induce
sedation by stimulating the central �2-adrenoceptors. Xylazine is
often used to sedate or, in higher doses, restrain (recumbency and
heavy sedation) ruminants. There appears to be some variation in
response between species and within a species. Xylazine is a
more potent sedative in ruminants than in horses.15 Goats appear
to be more sensitive to xylazine than are sheep,13,14,16 with cattle
appearing to be of intermediate sensitivity when compared with
sheep and goats. South American camelids appear to be interme-
diate between cattle and horses in sensitivity to xylazine, and al-
pacas appear to be less sensitive to xylazine than are llamas.
Hereford cattle are more sensitive to xylazine than are Holstein
cattle,17 and anecdotal evidence indicates that Brahmans are per-
haps the most sensitive of cattle breeds.18 Extreme environmen-
tal conditions can cause cattle to have a pronounced and pro-
longed response to xylazine.19 Variation in response to the
analgesic effects of xylazine between breeds of sheep has been
reported.20,21 Detomidine has been used to a lesser extent in ru-
minants but provides sedation and/or analgesia in domestic rumi-
nants not unlike that obtained in horses. Medetomidine and romi-
fidine have been used to a lesser extent in ruminants.

Although complete data are not available on the cardiovascu-
lar and respiratory effects of xylazine in camelids, bradycardia22

typically occurs as it does in other species.17,23–25 Poorly trained
or berserk male camelids tend to be less responsive, and debili-
tated individuals are more depressed by sedative doses of xy-
lazine. Xylazine causes hyperglycemia and hypoinsulinemia in
cattle and sheep.26–31 Hypoxemia and hypercarbia are common
side effects in domestic ruminants,14,17,22,32 and sheep are at risk
of developing pulmonary edema.33 Xylazine has an oxytocin-like
effect on the uterus of pregnant cattle34 and sheep.35 Detomidine
may not have this same effect on the gravid uterus36 and would
appear to be the �2-agonist of choice for sedating pregnant cattle
or sheep.

The degree of sedation or restraint produced by �2 agents de-
pends on the dose and overall animal temperament. Low doses of
xylazine (0.015 to 0.025 mg/kg IV or IM) typically provide se-
dation without recumbency in domestic ruminants.12,13 Higher
doses (0.1 to 0.2 mg/kg IV) provide sedation without recum-
bency in camelids.37 Detomidine can be given at 2.5 to 10.0
µg/kg IV in cattle13,36,38,39 and at 10 to 20 µg/kg in sheep14 to
provide standing sedation for approximately 30 to 60 min.
Medetomidine has been given at a dose of 5 µg/kg IV to cattle39

or at 10 µg/kg IM to llamas40 for brief periods of standing seda-
tion with minimal analgesia.

Higher doses of xylazine will induce recumbency, heavy seda-
tion, or possibly light planes of general anesthesia in domestic
ruminants and camelids. Xylazine (goats, 0.05 mg/kg IV or 0.1
mg/kg IM;13,14,41 sheep, 0.1 to 0.2 mg/kg IV or 0.2 to 0.3 mg/kg
IM;13,14,41 and cattle, 0.1 mg/kg IV or 0.2 mg/kg IM18) will in-
duce recumbency for approximately 1 h. Xylazine (0.3 to 0.4
mg/kg IV) usually induces 20 to 30 min of recumbency in lla-
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mas.8–11,37 Alpacas may require an increased dose, approxi-
mately 10% to 20%, to achieve the same result.42 A high dose of
detomidine, 30 µg/kg IV, will produce recumbency in sheep. This
dose is equivalent to xylazine at 0.15 mg/kg IV, medetomidine at
10 µg/kg IV, or romifidine at 50 µg/kg IV.43 In llamas, detomi-
dine in doses as high as 40 µg/kg IV provides mild sedation but
not restraint.37 Medetomidine given at 10 µg/kg IV induces re-
cumbency in cattle.39 When given at 20 to 30 µg/kg IM to llamas,
medetomidine provides profound sedation and recumbency last-
ing up to 120 min.40 Higher doses of all �2 agents can be ex-
pected to induce longer periods of recumbency in all species.

Sedation following administration of �2-adrenoceptor agonists
can be reversed by �2-adrenoceptor antagonists. When yohim-
bine is given at 0.12 mg/kg IV, its efficacy varies in cattle44,45

whereas it is somewhat ineffective in sheep.46 Higher doses of
yohimbine (1.0 mg/kg IV) will generally reverse xylazine seda-
tion in sheep.47 Tolazoline is usually given at 0.5 to 2.0 mg/kg
IV,45 but at 2.0 mg/kg IV it can cause hyperesthesia in cattle48,49

and at doses of 4 mg/kg can cause seizurelike activity in lla-
mas.50 Tolazoline can induce unwanted cardiovascular effects
such as transient bradycardia, sinus arrest, and hypotension.51

Idazoxan can be given at doses of 0.05 mg/kg IV to sheep46 and
calves to reverse xylazine sedation.51 Atipamezole at doses vary-
ing from 20 to 60 µg/kg IV has been used to reverse medetomi-
dine sedation in calves.13,52,53

Yohimbine (0.12 mg/kg IV) has been used in llamas in combi-
nation with 4-aminopyridine (0.3 mg/kg IV) to produce complete
recovery from xylazine sedation.22 Its use singly in camelids is
also effective, and it can be administered at 0.12 mg/kg IV.37 If
sufficient arousal does not occur, additional yohimbine can be
given. Tolazoline is also effective for reversing xylazine sedation
in camelids. When given at the recommended equine dose to
camelids, tolazoline causes severe complications: transitory
apnea, cardiac arrest, seizurelike activity, depression, and vague
signs of abdominal pain, followed by death within 24 h. One
method of administering tolazoline to healthy camelids is to give
50% of the calculated dose (1.0 to 2.0 mg/kg IV) initially and the
remainder if reversal is inadequate.37 In most instances, the ini-
tial dose (1.0 mg/kg IV) of tolazoline is adequate for sufficient
arousal. Following tolazoline administration at the full calculated
dose of 2.0 mg/kg IV, opisthotonus can occur in some animals.
After excitement subsides, recovery is usually uneventful.

Doxapram, an analeptic, has also been used to enhance the
arousal response from yohimbine or tolazoline: 1.0 mg/kg IV has
been somewhat effective in cattle54 but ineffective in llamas at
2.0 mg/kg IV.22

Pentobarbital (2 mg/kg IV) has been used in cattle for stand-
ing sedation and tranquilization.55 Caution must be exercised to
avoid inducing excitement. Pentobarbital provides moderate se-
dation for 30 min and mild sedation for an additional 60 min.
Chloral hydrate or chloral hydrate–magnesium sulfate solutions
can be used to sedate ruminants.18 These drugs must be injected
slowly IV to avoid tissue necrosis. Diazepam (0.25 to 0.5 mg/kg
IV) injected slowly will provide 30 min of sedation without anal-
gesia in sheep and goats.14,41 Midazolam (0.4 to 0.6 mg IM56,57

or 0.3 mg/kg IV58) will provide sedation and recumbency in

sheep and goats for 10 to 20 min. Midazolam given at 1.0 mg/kg
IM56 or 0.6 mg/kg IV58 can induce recumbency and heavy seda-
tion in goats. Increasing the midazolam dose to 1.2 mg/kg IV
lengthens recumbency for up to 30 min.57

Butorphanol is an opioid agonist-antagonist that provides se-
dation and analgesia in camelids and domestic ruminants. It is
often given at 0.1 to 0.2 mg/kg IM in camelids59 and at 0.05 to
0.5 mg/kg IM in sheep and goats.14,60,61 Ataxia and dysphoria
have been reported following butorphanol administration (0.1 to
0.2 mg/kg IV) in sheep.61

Combinations of xylazine and butorphanol have been used in
camelids and domestic ruminants to provide neuroleptanalgesia.
Doses are 0.01 to 0.02 mg/kg IV of each drug administered sep-
arately to domestic ruminants and 0.2 mg/kg IV of each drug for
camelids (M. J. Huber, personal communication, 1993). Action
lasts approximately 1 h. Combinations of butorphanol, xylazine,
and ketamine have also been used together in restraining
camelids.62 This combination is prepared by adding 100 mg (1
mL) of xylazine and 10 mg (1 mL) of butorphanol to 10 mL of
ketamine. It is administered at 1 mL/40 pounds IM to alpacas and
at 1 mL/50 pounds IM to llamas.62 At this dose, recumbency oc-
curs within 5 min and lasts approximately 25 min. Other combi-
nations of butorphanol, xylazine, and ketamine have also been re-
ported.63 Given IV at 0.22 to 0.33 mg/kg xylazine, 0.22 to 0.33
mg/kg ketamine, and 0.077 to 0.11 mg/kg butorphanol, this com-
bination is more predictable.63 Animals will become recumbent,
and analgesia lasts for 15 to 20 min. Administering a partial dose
of ketamine will lengthen the analgesia. When this combination
is given IM, the dose range is increased to 0.22 to 0.55 mg/kg for
xylazine, 0.22 to 0.55 mg/kg for ketamine, and 0.055 to 0.11
mg/kg for butorphanol.63 Onset occurs within 10 min, and the re-
cumbency is extended to approximately 45 min.

Induction
Ruminants are not always sedated prior to induction of anesthe-
sia. Atraumatic physical restraint can be used in lieu of sedatives
in some circumstances. Because ruminants seldom experience
emergence delirium, sedation during the recovery period is not
required. In some instances, though, sedation is required to make
handling of these animals, primarily adult bulls, safer during the
induction period. Sedation will tend to lengthen the recovery pe-
riod from general anesthesia38 and increase the likelihood of re-
gurgitation.14

General anesthesia can be induced by either injectable or in-
halation techniques. Available drugs include thiobarbiturates, ke-
tamine, guaifenesin, tiletamine-zolazepam, propofol, pentobarbi-
tal, halothane, isoflurane, and sevoflurane. Anesthesia can be
induced in small ruminants, weighing less than 50 to 100 kg, ei-
ther by mask with halothane, isoflurane, or sevoflurane or with in-
jectable techniques. Anesthesia can be induced in larger animals
with either intravenous or intramuscular techniques. Anesthesia
can also be induced with halothane, isoflurane, or sevoflurane by
mask in small or debilitated camelids or in camelids restrained
with xylazine-ketamine, tiletamine-zolazepam, etc. Mask induc-
tion in healthy untranquilized adult camelids is usually not at-
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tempted because application of the mask may provoke spitting.
Addition of nitrous oxide (50% of total flow) to the inspired in-
halant-gas mixture will speed induction. During induction, lower
concentrations of halothane (3%), isoflurane (3%), or sevoflurane
(4%) are administered when patients weigh less than 25 kg.
Higher concentrations are used with larger patients.

Barbiturates
The thiobarbiturates thiopental and thiamylal have been used ex-
tensively in veterinary anesthesia, alone and in combination with
guaifenesin. Used separately, they quickly induce anesthesia.
Muscle relaxation is relatively poor but still sufficient to accom-
plish intubation. The acid-base status and physical status of pa-
tients affect the actions of these drugs. Acidemia increases the
nonionized fraction (the active portion) of the drug, increasing its
activity and thus decreasing the dose required.64 In addition, the
heart, brain, and other vital organs receive a larger portion of car-
diac output when patients are in shock.65 Because patients in
shock are often acidemic, altered kinetics and hemodynamics can
cause a relative overdose.

Recovery from induction doses of thiobarbiturates is based on
redistribution of the drug from the brain to other tissues in the
body. Metabolism of the agent continues for some time follow-
ing recovery until final elimination occurs. Maintenance of anes-
thesia with thiobarbiturates is not recommended because satura-
tion of tissues causes recovery to be dependent on metabolism
and recovery will be prolonged. Concurrent use of large doses of
nonsteroidal anti-inflammatory drugs (NSAIDs) may be con-
traindicated because recovery can be delayed as thiobarbiturate is
displaced from protein.66

Thiopental can be given at a dose of 6 to 10 mg/kg IV and will
provide approximately 10 to 15 min of anesthesia. Camelids
often require additional thiopental for tracheal intubation.
Thiamylal is administered in similar fashion although in slightly
lower doses, usually 25% to 30% less.

Pentobarbital has been used to anesthetize domestic ruminants
but is no longer commonly used. If the situation arises in which
it is used, the dose is 20 to 25 mg/kg IV, half given rapidly and
the remainder to effect. When given at an anesthetic dose, pento-
barbital causes profound respiratory depression and is not an ef-
fective analgesic. Sheep appear to metabolize pentobarbital more
quickly than other species.14 Recovery in domestic ruminants is
usually prolonged, and other anesthetic techniques are more ap-
propriate.

Ketamine
This agent stimulates the limbic system, causing dysphoria, hal-
lucinations, and excitement, in addition to tonic-clonic muscle
activity when used alone in horses. Those same traits character-
ize its use in ruminants, although perhaps not to the same extent
as in horses. It also provides mild cardiovascular stimulation.
Although ketamine does not eliminate the swallowing reflex, tra-
cheal intubation can be accomplished in most ruminants.

Ketamine will induce immobilization and incomplete analge-
sia when given alone, but it is usually combined with a sedative
or tranquilizer. Most commonly, xylazine or diazepam is recom-

mended, although the availability of detomidine offers another
alternative. Xylazine (0.1 to 0.2 mg/kg IM) can be given, fol-
lowed by ketamine (10 to 15 mg/kg IM), to smaller domestic ru-
minants.14,41,67 In goats, it is preferable to use the lower dose of
xylazine followed by ketamine.14,41 Anesthesia usually lasts
about 45 min and can be prolonged by injection of 3 to 5 mg/kg
IM of ketamine. The longer duration of action of xylazine obvi-
ates the need for its readministration in most cases. Alternatively,
intravenous xylazine (0.03 to 0.05 mg/kg) followed by ketamine
(3 to 5 mg/kg), or intramuscular xylazine (goats, 0.1 mg/kg; and
sheep, 0.2 mg/kg) followed by intravenous ketamine (3 to 5
mg/kg), can provide anesthesia lasting up to 15 to 20 min.14

Adult cattle can be anesthetized for short periods with xylazine
(0.1 to 0.2 mg/kg IV) followed by ketamine (2.0 mg/kg IV).68

The lower dose of xylazine is used when cattle weigh more than
600 kg.68 Anesthesia lasts approximately 30 min but can be pro-
longed for 15 min with additional ketamine (0.75 to 1.25 mg/kg
IV).68 When evaluated in sheep, xylazine (0.1 mg/kg IV) and ke-
tamine (7.5 mg/kg IV) provided anesthesia lasting 25 min while
decreasing cardiac output, mean arterial pressure, and peripheral
vascular resistance.69 Medetomidine has been combined with ke-
tamine to induce anesthesia in calves. Because medetomidine (20
µg/kg IV) is much more potent that xylazine, lower doses of ke-
tamine (0.5 mg/kg IV) can be used.53 However, a local anesthetic
block at the surgical site may be required when ketamine is used
at this dose.53 When using �2-agonist–ketamine combinations,
anesthesia can be reversed with �2-adrenoceptor antagonists
without much excitement during recovery.

Diazepam (0.1 mg/kg IV) followed immediately by ketamine
(4.5 mg/kg IV) can be used in most domestic ruminants. Muscle
relaxation is usually adequate for tracheal intubation, although
the swallowing reflex may not be completely obtunded.
Anesthesia usually lasts 10 to 15 min following diazepam-
ketamine administration, with recumbency of up to 30 min.
Higher doses of diazepam (0.25 to 0.5 mg/kg IV) with ketamine
(4.0 to 7.5 mg/kg IV) have also been used in sheep and provide
the same duration of anesthesia.14,41,69 Investigations into the
cardiopulmonary effects of diazepam (0.375 mg/kg IV) and ket-
amine (7.5 mg/kg IV) in sheep have shown a decrease in cardiac
output and an increase in peripheral vascular resistance without
arterial pressure being affected.69 Midazolam has been substi-
tuted for diazepam in goats and is given at 0.4 mg/kg IM fol-
lowed by ketamine at 4.0 mg/kg IV after recumbency occurs (ap-
proximately 15 min). Anesthesia lasts approximately 15 min.56

Xylazine (0.25 to 0.35 mg/kg IM) and ketamine (6.0 to 10.0
mg/kg IM, 15 min later) usually provide 30 to 60 min of recum-
bency in camelids.8,11 The simultaneous administration of xy-
lazine (0.44 mg/kg IM) and ketamine (4.0 mg/kg IM) usually
provides restraint for 15 to 20 min.10,70 Higher doses of xylazine
(0.8 mg/kg IM) and ketamine (8.0 mg/kg IM) given simultane-
ously usually induce anesthesia within 5 min, and the duration of
anesthesia provided is approximately 30 min.70 Anesthesia depth
varies with the amount given and the camelid’s temperament but
is usually sufficient for minor procedures such as suturing lacer-
ations, draining abscesses, or applying casts. When any of these
combinations provides insufficient anesthetic depth, supplemen-
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tal local anesthesia may be required in order to complete the sur-
gery. Tracheal intubation may not be possible. However, these
combinations heavily sedate (if not anesthetize) and immobilize
the patient, facilitating venipuncture and administration of addi-
tional anesthetic agent or application of a face mask to increase
the anesthesia depth when necessary. Xylazine (0.25 mg/kg IV)
and ketamine (3.0 to 5.0 mg/kg IV) may be administered 5 min
apart to obtain a more uniform response and sufficient anesthesia
depth for tracheal intubation.8 Diazepam (0.1 mg/kg IV) and ke-
tamine (4.5 mg/kg IV) as used for domestic ruminants produces
recumbency that lasts approximately 20 min but does not reliably
provide enough muscle relaxation for tracheal intubation in
camelids.

Guaifenesin
This agent is a centrally acting skeletal muscle relaxant that ex-
erts its effect at the internuncial neurons in the spinal cord and at
polysynaptic nerve endings.71 It can be used alone to induce re-
cumbency in domestic ruminants and camelids, but this usage is
not recommended because it imparts little, if any, analgesia.72

Addition of ketamine or thiobarbiturate to guaifenesin solution
improves induction quality and decreases the volume required
for anesthetic induction. Muscle relaxation is improved when
compared with induction with ketamine alone or the thiobarbitu-
rates given alone. Typically, 5% guaifenesin solutions are used.
Hemolysis can occur with 10% guaifenesin solutions.73

Commonly, these solutions are given rapidly to effect, either by
gravity and large-gauge catheter or by pressurizing the bottle.
The calculated volume dose when using 5% guaifenesin solution
is 2.0 mL/kg. The amount of ketamine added to guaifenesin
varies but is commonly 1.0 g/50 g of guaifenesin. The amount of
thiobarbiturate added to guaifenesin varies but is commonly 2.0
g/50 g of guaifenesin. For convenience, guaifenesin-based mix-
tures may be injected with large syringes rather than adminis-
tered by infusion to camelids and small ruminants.

Following induction, guaifenesin-based solutions (with
thiopental or ketamine) can be infused to effect to maintain anes-
thesia. If desired, xylazine can also be added to ketamine-guaife-
nesin solutions for induction and maintenance of anesthesia in
cattle68,74 and sheep.75 Final concentrations are guaifenesin, 50
mg/mL; ketamine, 1 to 2 mg/mL; and xylazine, 0.1 mg/mL. This
solution is infused at 0.5 to 1.0 mL/kg IV for induction. Anes-
thesia is maintained by infusion of the mixture at 1.5 mL/kg/h for
calves,74 2 mL/kg/h for adult cattle,68 and 2 mL/kg/h for sheep,75

although the final administration rate will vary with case require-
ments. If the procedure requires more than 2 mL/kg of the
guaifenesin-ketamine-xylazine mixture in order to complete the
surgery, the amount of xylazine added should be decreased by at
least 50% because its action may last longer than that of the other
two agents in the mixture. Alternatively, a solution with a final
concentration of guaifenesin (50 mg/mL), ketamine (1 mg/mL),
and xylazine (0.05 mg/mL) can be formulated and infused at 2.0
mL/kg/h IV for maintenance to avoid the potential cumulative ef-
fects of xylazine overdose. Because ruminants may regurgitate
during xylazine-ketamine-guaifenesin anesthesia, intubation is
highly recommended.

Tiletamine-Zolazepam
A proprietary combination of equal parts of tiletamine (a disso-
ciative anesthetic agent similar to, but more potent than, keta-
mine) and zolazepam (a potent benzodiazepine sedative similar
to diazepam) is available for use as an anesthetic agent in cats
and dogs. When used alone, tiletamine induces poor muscle re-
laxation and causes excitement during recovery. The addition 
of zolazepam to tiletamine modifies these effects. As with
ketamine, the swallowing reflex remains but is obtunded. Like
ketamine-benzodiazepine combinations, this combination pro-
vides slight cardiovascular stimulation, causing the heart rate to
increase.76 Elimination of tiletamine and zolazepam is not uni-
form, with variation occurring for each drug’s clearance among
species. Differential clearance of the two drugs can affect recov-
ery quality.76

In many respects, tiletamine-zolazepam can be considered to
be similar to ketamine premixed with diazepam. When used
alone in horses, it provides unsatisfactory anesthesia.77 Muscle
relaxation is poor, and recovery is characterized by excitement.
However, when combined with a sedative such as xylazine, it can
be used successfully in horses. Because of differences in tem-
perament between horses and domestic ruminants and camelids,
tiletamine-zolazepam can be used successfully in most ruminants
with or without xylazine. However, addition of xylazine to 
tiletamine-zolazepam will lengthen and enhance the overall anes-
thetic effect.

Tiletamine-zolazepam given at 4.0 mg/kg IV causes minimal
cardiovascular alteration in calves and provides anesthesia of 45-
to 60-min duration.78 Xylazine (0.1 mg/kg IM) followed imme-
diately by tiletamine-zolazepam (4.0 mg/kg IM) produces onset
of anesthesia within 3 min, and anesthesia duration of approxi-
mately 1 h.79 Calves are fully recovered approximately 130 min
after injection. Increasing xylazine to 0.2 mg/kg IM increases du-
ration of anesthesia and recumbency and the incidence of
apnea.79 Xylazine can also be administered at a lower dose of
0.05 mg/kg IV followed by tiletamine-zolazepam at 1.0 mg/kg
IV to induce anesthesia of shorter duration.68

Tiletamine-zolazepam given at 12.0 mg/kg IV in sheep has
provided approximately 2.5 h of surgical anesthesia, with a total
recumbency time of 3.2 h.80 More recent investigations in sheep
have shown that tiletamine-zolazepam, dosed at 12 to 24 mg/kg
IV, causes cardiopulmonary depression, with anesthesia of ap-
proximately 40 min.81 Rather than using these relatively large
doses, it is more appropriate to decrease the initial dose of 
tiletamine-zolazepam to 2.0 to 4.0 mg/kg IV and administer ad-
ditional tiletamine-zolazepam as required to prolong anesthesia.
Butorphanol (0.5 mg/kg IV) combined with tiletamine-
zolazepam (12 mg/kg IV) given either simultaneously or 10 min
apart induces 25 to 50 min of anesthesia in sheep, with mild car-
diopulmonary depression.82 Tiletamine-zolazepam (4.0 mg/kg
IM) can immobilize llamas for up to 2 h.83 The length of recum-
bency is unaffected by administration of flumazenil, indicating
that the duration of action is more likely influenced by tiletamine
than by zolazepam.83 Cardiovascular function is preserved al-
though hypercarbia and hypoxemia can occur in some animals.
Airway reflexes are maintained. Local anesthesia may still be re-
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quired for some surgical procedures.83 In camelids, tiletamine-
zolazepam (2.0 mg/kg IV) alone provides 15 to 20 min of anes-
thesia and 25 to 35 min of recumbency.37 Anesthesia depth is ad-
equate to intubate nasally, but muscle relaxation is poor and oral
intubation is difficult.

Propofol
This nonbarbiturate, nonsteroidal hypnotic agent can be used to
provide brief periods of anesthesia (5 to 10 min). The recom-
mended dose is 4.0 to 6.0 mg/kg IV for the induction of domes-
tic ruminants.14,84–86 Induction is smooth, as is recovery. If in-
jected too rapidly, apnea may occur. Slow administration will
prevent this complication. A 2-mg/kg IV dose has been used to
induce anesthesia in camelids.87 However, tracheal intubation is
often difficult at this dose, and additional propofol is usually
needed. A light plane of anesthesia can be maintained with a con-
stant infusion of propofol at 0.4 mg/kg/min IV.87 The approxi-
mate time from discontinuation of propofol infusion to sternal re-
cumbency is 10 to 15 min.87 The use of infusion pumps enables
a more precise propofol administration.

Maintenance
Tracheal intubation is recommended in all ruminants and came-
lids because it provides a secure airway and prevents aspiration
of salivary and ruminal contents if active or passive regurgitation
occurs. In lightly anesthetized ruminants, active regurgitation can
occur during intubation11,68 whereas passive regurgitation can
occur at any time during anesthesia due to relaxation of the car-
dia. Because rumen contents contain more solid material than do
the gastric contents of monogastric animals, there is greater po-
tential for ingesta to obstruct the larynx while the more fluid por-
tion drains from the mouth. Consequently, patients that are not
intubated are at higher risk of aspiration of rumen contents.
Intubated animals that have regurgitated during anesthesia are
also at risk following extubation. Treatment involves removal of
ingesta from the buccal cavity or buccal lavage prior to extuba-
tion. If active regurgitation has occurred, anesthesia depth should
be rapidly increased and the airway quickly protected to prevent
aspiration.

Several techniques can be used for intubation. Adult cattle can
be intubated blindly or with digital palpation. Following in-
sertion of a mouth speculum or the use of gauze loops, the ani-
mal’s head and neck are hyperextended to make the orotracheal
axis approach 180°. An endotracheal tube of appropriate size is
inserted and manipulated into the larynx (Table 28.1). If that
technique is unsuccessful, the anesthetist’s hand should be in-
serted into the mouth with the tube. After the epiglottis is lo-
cated and depressed, a finger can be placed between the ary-
tenoid cartilages and the tube inserted into the trachea. If
desired, an equine nasogastric tube can be inserted into the lar-
ynx and serve as a guide for the endotracheal tube. Depending
on the size of the animal and the individual’s arm, the airway
might be obstructed when this technique is performed, so it is
important that intubation is prompt. If the technique requires
more than 1 min, the hand and arm should be withdrawn from

the oral cavity to allow the animal to ventilate before the attempt
at intubation is continued.

When blind orotracheal intubation is unsuccessful in calves or
other small ruminants, a laryngoscope with a 250- to 350-mm
blade is required. Visibility of the larynx is improved by hyper-
extending the animal’s head and neck to make the orotracheal
axis approach 180°. Using suction or gauze on a sponge forceps
to swab the pharynx will improve visibility if secretions are an
impediment. Attempting intubation when the anesthetic plane is
insufficient may provoke active regurgitation. With adequate
depth of anesthesia, this reflex is eliminated. The epiglottis is de-
pressed so that the larynx is visible. The endotracheal tube
should be placed in the oral pharynx and inserted into the larynx
during inspiration. If desired, a stylet (e.g., a 1-m 0.5-cm stylet88

or a large male dog urinary catheter) can be inserted through the
endotracheal tube. The stylet should be about 1.5 times the length
of the endotracheal tube. The stylet is placed through the larynx,
and the endotracheal tube is then passed beyond the end of the
stylet into the trachea.

Blind oral intubation is more difficult in sheep and goats, and
intubation is best performed with laryngoscopy. To perform blind
oral intubation, the animal’s head and neck are extended after
placement of the endotracheal tube in the oral pharynx. The lar-
ynx can be palpated and the tube directed into the larynx.41

Members of both of these species have active laryngeal reflexes
that may be obtunded by topical application of 2% lidocaine.
This can be performed with an adjustable pattern plant sprayer89

or with a syringe. The use of cetacaine® is not recommended be-
cause overdosage can easily occur and because benzocaine-based
local anesthetics can cause methemoglobinemia.90 After desensi-
tization of the larynx, intubation can be performed with the same
technique used in calves. Oral intubation performed in camelids
is similar to that used in domestic ruminants. Blind oral intuba-
tion is usually unsuccessful, and laryngoscopy with a 250- to
350-mm laryngoscope is recommended. Desensitization of the
larynx is usually not required.
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Table 28.1. Sizes of endotracheal tubes needed for ruminants and
camelids of various body weights

Endotracheal Tube Size (mm i.d.)

Body Weight (kg) Oral Nasal

<<30 0<04–7 <004–6
<030–60 8–10 6–8
<060–100 10–12 8–10
<100–200 12 10–12
<200–300 14–16
<300–400 16–22
<400–600 22–26
>600 26

i.d., internal diameter.



Blind nasotracheal intubation has been described in awake or
mildly sedated calves, although it requires an endotracheal tube
one size smaller than that used orally.91 The technique in calves
is very similar to that described for foals and is useful for induc-
tion of inhalation anesthesia or to facilitate oral surgery.
Particular attention is needed to ensure that the tube is directed
into the ventral meatus. Following placement of the tube in the
nasopharynx, the calf’s head and neck are extended to facilitate
passage into the larynx. The tube is secured in place and con-
nected to the anesthetic-delivery system connected to the anes-
thetic machine.

Nasotracheal intubation is also possible in sheep38 and came-
lids,92 although it requires an endotracheal tube one size smaller
than that used orally. Camelids are prone to epistaxis, so the use
of a lubricant that contains phenylephrine is recommended. Blind
nasal intubation is technically easier than blind oral intubation,
but nasal intubation under laryngoscopic control is technically
more difficult than orotracheal intubation. Even though nasotra-
cheal intubation can be more difficult, it offers the option of the
animal recovering with the endotracheal tube in place as a
method of preventing airway obstruction during recovery. The
endotracheal tube is advanced with slow gentle pressure through
the external nares into the ventral meatus. An obstruction en-
countered at approximately 10 cm in adults is usually the middle
meatus. An obstruction encountered more caudally, approxi-
mately 25 cm in adults, is likely the nasopharyngeal diverticu-
lum.92 In either case, the tube should be withdrawn and redi-
rected. If the endotracheal tube cannot be redirected past the
nasopharyngeal diverticulum, placement of a prebent stylet into
the tube to direct its tip ventrally is usually effective.

After the endotracheal tube has been advanced into the na-
sopharynx, the camelid’s head and neck should be extended and
the tube manipulated into the larynx. If the tube will not enter the
larynx, placing the prebent stylet in the endotracheal tube to di-
rect the tube tip ventrally into the larynx instead of the esopha-
gus is helpful. Although visibility of the larynx is somewhat lim-
ited, oral laryngoscopy will aid intubation and confirm correct
placement of the tube.

Endotracheal intubation can be confirmed with several tech-
niques. Initially, they include visualization of the endotracheal
tube passing into the larynx. When transparent endotracheal
tubes are used, water-vapor condensation will appear and then
disappear during each breath. One can feel gas being expelled
from the tube during exhalation, and, when the endotracheal tube
is connected to the anesthesia machine, synchrony between
movement of the rebreathing bag and the thorax will be noted.
Finally, if a capnograph is available, carbon dioxide will be de-
tected in exhaled gas.

Anesthesia in ruminants can be maintained with halothane,
isoflurane, or sevoflurane. Although methoxyflurane can be used
in small domestic ruminants and camelids, induction and recov-
ery are prolonged. Liver failure has been reported in hyperim-
munized goats subjected to halothane anesthesia,93 but a study
performed in young healthy goats showed that halothane or
isoflurane is unlikely to cause hepatic injury.94 The NSAID flu-
nixin meglumine should not be used immediately before or after

methoxyflurane anesthesia because renal failure may result.95 It
would appear that the use of this combination of drugs should be
avoided in all species, including ruminants.

Conventional small animal anesthesia machines can be used to
anesthetize ruminants weighing less than 60 kg. Conventional
human anesthesia machines or small animal machines with ex-
panded soda lime canisters are adequate for animals weighing up
to 200 kg. Conventional large animal anesthesia machines can be
used to anesthetize cattle weighing over 200 kg. Anesthesia is
usually induced with 3% to 5% halothane, 3% to 5% isoflurane,
or 4% to 6% sevoflurane and with oxygen flow rates of 20
mL/kg/min. Anesthesia is induced in animals of lesser body
weight by using agent concentrations at the lower end of the
range. Anesthesia is usually maintained with 1.5% to 2.0%
halothane, 1.5% to 2.5% isoflurane, or 2.5% to 3.5% sevoflurane
with oxygen flow rates reduced to 12 mL/kg/min. These vapor-
izer settings correspond to end-expired anesthetic concentrations
of 1.25 to 1.5 minimum alveolar concentration (MAC) and
should be adequate for ruminants that were not sedated prior to
induction. Ruminants that have been sedated prior to induction
can usually be maintained on end-expired anesthetic concentra-
tions of 1.0 to 1.25 MAC, although final concentrations may vary
depending on the sedative used. Because domestic ruminants
have a respiratory pattern characterized by rapid respiratory rate
and small tidal volume (with more dead-space ventilation),
higher vaporizer settings (e.g., 2% to 3% halothane) may be re-
quired to better maintain anesthesia in spontaneously breathing
patients.

Supportive Therapy
This is an important part of anesthetic practice. As veterinarians
become more familiar with use of the anesthetic drugs, longer
and more involved surgical procedures are attempted. As dura-
tion and difficulty increase, the likelihood of complications can
also increase. Attention to supportive therapy in anesthetized ru-
minants and camelids can decrease the incidence of complica-
tions and improve outcome. Supportive therapy includes patient
positioning, fluid administration, mechanical ventilation, cardio-
vascular support, and good monitoring techniques.

Patient Positioning
Improper positioning and padding of anesthetized horses have
been implicated as causes of postanesthetic myopathy and/or
neuropathy.96 A similar situation may occur in adult cattle. Post-
anesthetic myopathy does not appear to readily occur in calves,
goats, sheep, and South American camelids. Anesthetized rumi-
nants should be positioned on a smooth, flat, padded surface.
Larger adult cattle require either water beds, dunnage bags, or
10-cm high-density foam pads, whereas 5-cm-thick pads are suf-
ficient for sheep, goats, and South American camelids. Patients
positioned in dorsal recumbency should be balanced squarely on
their back with both gluteal areas bearing equal weight. The
forelegs and hind legs should be flexed and relaxed. External
support should be placed under the maxilla to prevent hyperex-
tension of the neck.
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Adult cattle in lateral recumbency should have an automobile
inner tube (valve stem pointed down) placed under the shoulder
of the dependent foreleg to help minimize pressure on the radial
nerve as it traverses the musculospiral groove of the humerus.
The point of the elbow should be positioned at 5 o’clock in the
inner tube for cattle in right lateral recumbency or at 7 o’clock
for cattle in left lateral recumbency. In addition, the dependent
foreleg is drawn anteriorly so that the weight of the thorax rests
on the triceps rather than on the humerus. Nonelastic tape cover-
ing the portion of the inner tube not under the shoulder will pre-
vent overexpansion of that section of inner tube and will help to
ensure shoulder support (Fig. 28.1). The other three legs are po-
sitioned perpendicular to the body, with the uppermost legs ele-
vated and parallel to the table surface. Support of these legs will
improve venous drainage and prevent injury to the brachial
plexus. The head and neck are maintained in a slightly extended
position, with the head resting on a pad or Turkish towel (Fig.
28.2). If possible, the patient’s head should be positioned so that
salivary secretions and gastric contents, if regurgitation occurs,
will drain from the mouth and not wick between the animal’s
head and the pad and contact the eye. The dependent eye should
be closed prior to placing the head on the padding, and bland oc-
ular ointment should be instilled in the other eye. Camelids have
prominent eyes, so special attention should be given to the de-
pendent eye to avoid injury. Use of circulating warm-water heat-
ing blankets or convective warm-air blowers should be consid-
ered to prevent hypothermia in juvenile cattle, sheep, camelids,
and goats. Adults are not as likely to become hypothermic, so the
use of warm-water heating blankets is not required.

Fluid Administration
Fluid administration during anesthesia is important to correct
preexisting dehydration, if present, provide volume to offset
anesthesia-related vasodilatation, and provide maintenance
needs. A balanced electrolyte solution is preferred. Lactated
Ringer’s solution, Normosol-R,® or the equivalent are most com-
monly used and are administered rapidly (10 to 25 mL/kg/h) in

hypotensive patients. After hypotension is corrected, fluid ad-
ministration may be slowed to 4 to 6 mL/kg/h. Although rumi-
nants salivate copiously while anesthetized, replacement of bi-
carbonate is usually not required. Other fluids (e.g., saline) may
be given when indicated. To increase fluid delivery rate when
needed, two administration sets can be connected to one catheter
with a Y connector, multiple catheters can be placed, a peristaltic
pump can be used, or the fluid source may be pressurized. For
convenience, fluids packaged in 3-L or 5-L bags can be used for
large-volume administration. When administering large volumes
of fluid, serial determinations of hematocrit and plasma total
solids should be performed to prevent hemodilution and pul-
monary edema. Hematocrit should remain above 25% and
plasma total solids above 4 g/dL. Plasma or whole blood transfu-
sion should be considered for hypoproteinemic or anemic indi-
viduals. Administration of sodium bicarbonate is indicated for
correction of severe metabolic acidemia as determined by analy-
sis of blood gas or total carbon dioxide.

Respiratory Supportive Therapy
Although anesthetized South American camelids ventilate well,
domestic ruminants tend to hypoventilate while anesthetized.
Mechanical ventilation should be considered when the procedure
will exceed 1.5 h and is indicated to prevent hypoventilation in
individuals that will not maintain sufficient alveolar ventilation.
To minimize the effects of mechanical ventilation on the cardio-
vascular system, inspiratory time should be no more than 2 to 3
s, inspiratory pressure should be 20 to 30 cm of water, tidal vol-
ume should be 13 to 22 mL/kg, and respiratory rate should be 6
to 10 breaths/min. Hypocarbia alone can cause bradycardia in ru-
minants. In the absence of blood-gas analysis, overall minute
volume should be decreased if unexplained bradycardia occurs.

During intravenous anesthesia, ruminants also benefit from
supplemental oxygen. If the animal is intubated, the endotracheal
tube can be connected to a demand valve. This piece of equip-
ment is connected to an oxygen source that enables the patient to
breathe spontaneously.97 Compression of a button on the demand
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Fig. 28.1. Cattle positioned in lateral recumbency should be placed
on padding with an inner tube placed over the dependent foreleg and
that leg drawn cranially. Support should be placed under the nonde-
pendent foreleg and hind leg so they are parallel to the table.

Fig. 28.2. Position of the head and neck to enable fluid to drain from
the oral cavity.
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valve enables the anesthetist to “sigh” the patient. Because de-
mand valves are designed for humans, there is an increase in the
work of breathing associated with their use in large animals.98

Intubated ruminants can also be insufflated with oxygen (5 L/min
for small ruminants and 15 L/min for adult cattle). A flowmeter
is connected to an oxygen source, and the tubing from the
flowmeter is then inserted into the endotracheal tube.99

Cardiovascular Supportive Therapy
Hypotension has been implicated as a cause of either postanes-
thetic myopathy or neuropathy.96,100,101 To help avoid these
postanesthetic complications in ruminants, normotension should
be maintained during anesthesia. Hypotension may be corrected
simply by adjusting anesthetic depth. Although vasopressors can
be used to correct hypotension, expansion of vascular volume ei-
ther with rapid fluid administration or with the use of inotropes
is a better alternative. Inotropes are preferred because they can
increase stroke volume and cardiac output. Calcium boroglu-
conate (23% solution) may also increase myocardial contractility
and can be given as a slow infusion (0.5 to 1.0 mL/kg/h IV) to ef-
fect. Calcium administration may cause bradycardia, however,
necessitating the use of a chronotrope if hypotension persists.
Ephedrine, a mixed � and � sympathomimetic drug, can be used
at 0.02 to 0.06 mg/kg IV to increase blood pressure simply by in-
creasing cardiac contractility.102 Lack of response at low doses
can indicate excessive depth of anesthesia. Dobutamine, a syn-
thetic �-agonist, can also be used to improve cardiac output. At
low doses, it increases myocardial contractility and, at higher
doses, heart rate as well.103 Dobutamine is preferred over dopa-
mine because hemodynamics improve, with smaller increases in
heart rate.104 It is infused at 1.0 to 2.0 µg/kg/min IV to effect.103

Use of an infusion pump is recommended for convenience and
consistency. After correction of hypotension, infusion rate can
often be decreased for maintenance.

Monitoring
As with any species, good anesthetic techniques require moni-
toring to ensure that drug administration meets the animal’s re-
quirements and to prevent excessive insult to the cardiovascular,
respiratory, nervous, and musculoskeletal systems, thereby de-
creasing the risk of complications. Monitoring includes tech-
niques that require the tactile, visual, and hearing skills of the
anesthetist, as well as the more sophisticated techniques that re-
quire instrumentation. Attention is directed to three systems: the
cardiovascular, respiratory, and central nervous systems. Ideally,
one monitors variables that respond rapidly to changes in anes-
thetic depth, which gives the anesthetist time to alter anesthetic
administration before the anesthetic plane becomes either exces-
sive or insufficient. While monitoring is done constantly, most
variables are recorded at 5-min intervals. In many instances,
monitoring equipment is used to aid evaluation of physiological
responses to anesthesia and, therefore, anesthetic depth. Use of
these instruments can make evaluation more precise and the se-
lection of ancillary drugs more rational.

Variables that can be used to monitor the cardiovascular sys-
tem are heart rate, pulse pressure (pulse strength), color of mu-

cous membranes, and capillary refill time. In healthy anesthe-
tized adult cattle, the heart rate is usually 60 to 90 beats/min.
Animals that have received an anticholinergic will have an in-
creased heart rate. The normal heart rate for calves, sheep, and
goats varies with age. Juveniles will have a heart rate of 90 to 130
beats/min, which decreases as they mature. The normal heart rate
for adult anesthetized camelids after the administration of an an-
ticholinergic is 80 to 100 beats/min. For anesthetized juvenile
camelids after the administration of an anticholinergic, it is 100
to 125 beats/min. The heart rate may exceed the normal range at
the beginning of anesthesia, because of excitement associated
with induction or hypotension, but, most often, it returns to the
normal range within 10 to 20 min. In compromised patients, the
heart rate begins to approach the normal range during anesthesia
as oxygen, fluid, and analgesic support begin to stabilize the pa-
tient. The heart rate usually decreases as anesthesia depth in-
creases, although that response can be masked by prior adminis-
tration of anticholinergics.

Pulse pressure can be ascertained at several locations and
should be full and bounding. The common digital, caudal auric-
ular, radial, and saphenous arteries are commonly palpated. The
facial artery can be palpated in young calves, but it becomes
more difficult to do so as an animal ages. Because most anes-
thetic agents depress the cardiovascular system and overdosage
causes the heart to function less effectively as a pump, dimin-
ished pulse pressure is indicative of increased anesthetic depth.
Pulse pressure should be strong and palpated at different loca-
tions for comparison. Noting the amount of turgor present in the
vessel during diastole can give an indication of diastolic pressure.
If the vessel is easily collapsed by digital pressure during dias-
tole, then diastolic pressure and, therefore, systolic and mean
pressure can be assumed to be low even though pulse pressure
may feel adequate.

Mucous membranes should be pink, although the mucous
membranes of some ruminants and camelids are pigmented,
making assessment difficult. Cyanosis must also be noted, al-
though animals breathing oxygen and an inhalation agent may be
apneic for several minutes before cyanosis occurs. Because at
least 5 g/dL of reduced hemoglobin is required before cyanosis
can be detected, severely anemic animals may not show this sign.
Flushed mucous membranes are associated with vasodilatation,
which can be caused by hypercarbia, halothane, �-adrenergic an-
tagonists, or histamine release, or may be associated with pos-
tural hypostatic congestion.105 Brick-red mucous membranes are
associated with endotoxic shock. Following digital compression
to blanch an area of the gum, capillary refill should occur in 1 to
2 s. Both of these variables give an indication of tissue perfusion.
Excessive depth of anesthesia will cause the mucous membranes
to become pale and capillary refill time to increase. By combin-
ing data from these variables, one can qualitatively assess ade-
quacy of blood pressure. For example, if an animal has a normal
heart rate, strong pulse pressure, pink mucous membranes, and
short capillary refill time, and its peripheral arteries are not eas-
ily collapsed by digital pressure during diastole, then one can as-
sume that blood pressure is in the normal range. Conversely, if
pulse pressure is weak, mucous membranes are pale, capillary re-
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fill time is prolonged, and the peripheral arteries are easily oc-
cluded by digital pressure, then the animal’s blood pressure is
below normal and either anesthesia depth is excessive and/or car-
diovascular support is needed.

The respiratory system is evaluated by monitoring respiratory
rate and tidal volume. Spontaneous breathing rates are usually 20
to 30 breaths/min or higher in adult cattle; calves, sheep, and goats
usually have respiratory rates of 20 to 40 breaths/min. Awake cat-
tle have a decreased tidal volume when compared with horses.106

That relationship persists in anesthetized cattle and other domestic
ruminants in that they have a decreased tidal volume when com-
pared with other species. Tidal volume is estimated by observing
the amount the rebreathing bag empties during inspiration.
Increasing the anesthetic depth can usually be expected to cause
tidal volume and eventually respiratory rate to decrease. Normal
values for respiratory rate in anesthetized camelids are 15 to 30
breaths/min for adults and 20 to 35 breaths/min for juveniles.
Camelids tend to ventilate reasonably well when breathing sponta-
neously as judged by analysis of blood gas and respiratory gas dur-
ing sevoflurane, isoflurane, or halothane anesthesia.

The central nervous system can be monitored by observation
of ocular reflexes. The palpebral reflex disappears with minimal
anesthesia depth in cattle, sheep, and goats and is usually of no
value during anesthesia. The globe will rotate as anesthetic depth
changes in cattle3,39,107 (Fig. 28.3). The eyeball is normally cen-
tered between the palpebrae in awake cattle in lateral recum-
bency. As anesthesia is induced, the eyeball rotates ventrally,
with the cornea being partially obscured by the lower eyelid. As
anesthesia deepens, the pupil becomes completely hidden by the
lower eyelid; this sign indicates stage III, plane 2 to 3 anesthesia.
A further increase in anesthetic depth is accompanied by dorsal
rotation of the eyeball. Dorsal movement is complete when the
cornea is centered between the palpebrae; this sign indicates
deep surgical anesthesia with profound muscle relaxation.
During recovery, the eyeball rotates in reverse order to that dur-
ing induction.3,39,107 The globe does not rotate in response to
changes in anesthesia depth in goats, sheep, or South American
camelids. Usually, the palpebral reflex of the dorsal eyelid of
camelids remains during surgical anesthesia. However, if the
camelid can move its ventral eyelid without tactile stimulation,
anesthetic depth is decreasing and eventually limb movement
will occur.37 Nystagmus usually does not occur during anesthe-
sia of domestic ruminants or camelids. When it does occur, it
cannot be correlated with changes in anesthesia depth. The
corneal reflex should always be present.

Some ruminants will display involuntary swallowing motions
under anesthesia without exhibiting other signs of insufficient
anesthesia depth. This reflex may indicate that anesthesia depth
is somewhat light but still appropriate. Response to pain from the
surgical procedure can also be used to estimate anesthesia depth.
In some instances, camelids may respond by showing a more ac-
tive palpebral reflex. Purposeful movement in all species indi-
cates insufficient depth of anesthesia. An increase in arterial pres-
sure associated with the surgical manipulation does not
necessarily indicate inadequate anesthesia if purposeful move-
ment does not occur.

Electrocardiography (ECG) is used with either standard limb
leads (I, II, and III) or a dipole lead for detection of cardiac rate
and rhythm disturbances. The lead that has the largest amplitude
should be selected. A recorder is optional and useful because it
enables one to record an ECG at the beginning of the case for fu-
ture reference. Most ECG units emit an audible tone whenever a
QRS complex is detected. Anesthetists should learn to always lis-
ten to the audible rhythm in the background during the case, es-
pecially during distractions. Because an ECG gives no informa-
tion regarding blood pressure or pulse strength, emphasis should
be placed on monitoring pulse and arterial pressure instead of re-
lying solely on the ECG.

Mean arterial pressure provides an accurate variable for as-
sessing anesthesia depth. In most instances, changes in anesthe-
sia depth become evident quickly through increases or decreases
in blood pressure. Additionally, it is a more definitive variable
than monitoring pulse pressure alone. Monitoring pulse pressure
determines the difference between systolic and diastolic pres-
sure. An animal with systolic and diastolic pressures of 120/90
mm Hg will have pulse pressure similar to that of another animal
with pressures of 90/60 mm Hg. However, a large difference ex-
ists in mean pressure or perfusion pressure. The former animal
will have a mean pressure of about 100 mm Hg, whereas the lat-
ter will have a mean pressure of about 70 mm Hg. Since animals
with low mean pressure during anesthesia are more at risk of de-
veloping complications, identification of this situation is impor-
tant.100,101 Normal arterial pressure values in anesthetized cattle
are systolic pressure, 120 to 150 mm Hg; diastolic pressure, 80
to 110 mm Hg; and mean pressure 90 to 120 mm Hg; and are typ-
ically greater than in standing cattle.108 Normal values for sys-
tolic and diastolic pressure in sheep, goats, and camelids are
90–120/60–80 mm Hg. Normal values for mean pressure in
sheep, goats, and camelids are 75 to 100 mm Hg. However, if
camelids are aroused by painful stimuli, mean arterial pressure
may approach 150 mm Hg. Arterial pressure can be monitored
either indirectly or directly. Indirect methods of determining ar-
terial pressure require the use of various infrasonic and ultrasonic
devices to detect blood flow in peripheral arteries. Doppler and
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Fig. 28.3. Ocular rotation in a downward direction is indicative of sur-
gical anesthesia.



Dinamap® devices can be used with cuffs wrapped around the
tail of cattle and the limbs of sheep and goats,18 or around the tail
or the limbs of South American camelids.10 The cuff diameter
should be 40% of limb or tail circumference.109 Direct methods
require catheterization of an artery and use of a pressure trans-
ducer and amplifier or an aneroid manometer to determine pres-
sure values. A transducer system determines systolic, diastolic,
and mean arterial pressures. An aneroid manometer can be sub-
stituted for the pressure transducer and amplifier, but only the
mean pressure can be obtained.110 Mean pressure changes rap-
idly in response to changes in anesthetic depth, and even the use
of this rather simple system enables anesthetists to make appro-
priate responses.

Percutaneous arterial catheterization is easily performed in
most ruminants and is relatively free of complications.110,111 The
caudal auricular, saphenous, and common digital arteries are
most commonly catheterized vessels when over-the-needle
Teflon (polytetrafluoroethylene) catheters are used. Passage of
this type of catheter through the unbroken skin will often damage
the catheter, making arterial placement difficult. Thus, incising
the skin or piercing it with a slightly larger needle at the catheter-
ization site is recommended.111 A skin incision is usually unnec-
essary when the caudal auricular artery is catheterized, because
the skin is relatively thin in that location and the artery is often
inadvertently pierced because the skin is relatively immobile in
that area. For adults, 3- to 5-cm 18- to 20-gauge catheters are
used, with 2.5- to 3-cm 20- to 22-gauge catheters used in juve-
niles. An extension set with stopcock is used to connect the arte-
rial catheter to a syringe containing heparinized (2.0 units/mL)
saline and a piece of noncompliant tubing attached to the pres-
sure transducer or aneroid manometer. After the arterial catheter
is removed, digital pressure is maintained at the site to prevent
hematoma formation. If desired, a pressure bandage can be used.

Central venous pressure can be determined to assess venous
return, myocardial function, and the need for fluid replacement.
This is a good variable to use—along with serial determinations
of hematocrit, plasma total solids, and urine production—in eval-
uating fluid replacement but often provides little information re-
garding changes in anesthesia depth. Normal values are 5 to 10
cm of water pressure.

Normal values for arterial blood-gas analysis are similar to
those for other species.5,6 Respiratory gas can be analyzed to de-
termine end-tidal carbon dioxide and inhalant anesthetic concen-
tration. Because domestic ruminants have a respiratory pattern
characterized by small tidal volume, end-expired gas might not
be sufficiently representative of alveolar gas and accurate results
might not be obtained. End-tidal gas analysis is more accurate
when assessing carbon dioxide during controlled ventilation.
Anesthetic analyzers that use optical low-spectrum infrared
measurement cannot distinguish between methane and halothane
in expired gas of herbivores and will report falsely increased con-
centrations of halothane, and to a lesser degree isoflurane, in the
anesthetic circuit.112 The presence of methane does not affect an-
alyzers that use high-spectrum infrared measurement or piezo-
electric measurement.112 Analyzers that use low-spectrum in-
frared measurement can be used in herbivores by intermittently

(every 15 to 30 min) placing a small container of activated char-
coal in the sample path to adsorb halothane.113 Methane will pass
through the charcoal without adsorption and be measured. After
removing the charcoal container from the sample path, one can
subtract the concentration of background methane from the dis-
played value to determine halothane or isoflurane concentration.

Recovery
Ruminants and South American camelids recover well from gen-
eral anesthesia and seldom experience emergence delirium, make
premature attempts to stand, or sustain injuries. When an �2-
agonist is used as part of the anesthetic regimen, an �2-antago-
nist can be used to hasten recovery.13,22,39,44,45,49,53,89,114

Domestic ruminants should not be extubated until the laryn-
geal reflex has returned. Orally intubated camelids should not be
extubated until the animal is swallowing, coughing, and actively
trying to expel the endotracheal tube. Precautions should be
taken to prevent camelids from damaging or aspirating the endo-
tracheal tube. If a patient has regurgitated, the buccal cavity and
pharynx should be lavaged to prevent aspiration of the material.
In these instances, the endotracheal tube should be withdrawn
with the cuff inflated in an attempt to remove any material that
may have located to the trachea. Since camelids are obligate
nasal breathers,92 gas exchange must be confirmed after extuba-
tion; the airway commonly becomes obstructed during the tran-
sition from oral endotracheal intubation to nasal breathing and, in
severe cases, can necessitate tracheotomy. The endotracheal tube
of nasally intubated camelids can be removed after they stand.
Although ruminants recover well from general anesthesia with
minimal assistance, an attendant should be available.

Intraoperative Complications
Fortunately, major complications do not occur often during or
following well-planned anesthesia in ruminants. However, one
must be vigilant so that the unexpected occurrence of a compli-
cation can be recognized and effectively treated. As is the case in
anesthesia of all species, potential complications are better pre-
vented, and therefore emphasis should be placed on formation
and implementation of a rational anesthetic regimen. Airway ob-
struction, apnea, and hypothermia are diagnosed and treated in a
manner similar to the ways in which other domestic species are
diagnosed and treated.

Although anesthetized camelids do not appear to become tym-
panitic, fermentation of ingesta and the animal’s inability to eruc-
tate ruminal content often cause tympany during anesthesia. As
tympany develops, more pressure is placed on the diaphragm, de-
creasing functional residual capacity and impeding ventila-
tion.115 In addition, tympany increases the risk of regurgitation.
Therapy involves passage of a stomach tube to decompress the
rumen. On occasion, one will be unable to pass the stomach tube
into the rumen. In these difficult cases, placing the animal in ster-
nal recumbency will aid the procedure. When that is not possible,
the rumen can be decompressed with a 12-gauge needle inserted
through the abdominal wall. Fortunately, ruminal tympany is
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usually of the nonfrothy type, and decompression is easily ac-
complished. External pressure placed on the rumen will help
expel gas from the orogastric tube. Ruminal tympany can also
occur during the use of nitrous oxide, which tends to accumulate
in gas-filled viscus.116 Discontinuation of nitrous oxide adminis-
tration along with decompression of the rumen is recommended.

Connective tissue is not as fibrous in ruminants’ lungs, and
therefore excessive airway pressure can cause pneumothorax and
emphysema more easily than in horses.117 Signs include dyspnea
and increased resistance to inspiration because of tension pneu-
mothorax. It is treated by placement of a chest tube and aspira-
tion of the gas. It is much easier to prevent than treat. Do not use
excessive airway pressure (>30 cm of water) when “sighing” an-
imals or when using controlled ventilation.

Cardiac arrhythmias usually do not occur in anesthetized ru-
minants. Atrial fibrillation can occur in cattle as a sequela to
metabolic derangement secondary to gastrointestinal obstruction.
Atrial fibrillation usually resolves when the primary problem is
corrected. Because cattle are amenable to physical restraint and
local anesthesia, corrective surgery is often performed without
general anesthesia. Diagnosis can be confirmed with ECG. The
oculocardiac reflex is a well-recognized reflex in most animals
and can be treated similarly in ruminants.116,118 Cardiac arrest is
treated with similar techniques commonly used in horses.119–121

Postoperative Complications
Because ruminants and camelids tend to recover well from gen-
eral anesthesia, long-bone fractures, cervical fractures, or other
catastrophic injuries seldom occur. Should they occur, therapy is
based on severity of the fracture and the economic value of the
animal. Postoperative myopathy-neuropathy can occur in larger
cattle but is not a problem in calves, sheep, goats, or camelids.
The problem is recognized when muscle weakness or motor
nerve dysfunction are observed, with some animals being unable
to stand. Therapy is symptomatic, with intravenous fluids admin-
istered to maintain hydration, acid-base status, and electrolytes;
along with analgesics, NSAIDs, and vitamin E–selenium com-
pounds as indicated. Slinging the animal may be helpful but can
increase muscle damage. Myopathy may take several days to re-
solve and can be life-threatening. Again, it is better to prevent
muscle or nerve damage by positioning anesthetized animals
properly and avoiding excessive depth of anesthesia.

A less common cause of delayed recovery is muscle weakness
caused by neuromuscular blockade. Because ruminants have
very low levels of pseudocholinesterase, metabolism of succinyl-
choline is slow, causing prolonged effects of this drug.122

Neuromuscular blockade may also be caused by interaction of
anesthetics and aminoglycoside antibiotics123 or by incomplete
reversal of nondepolarizing muscle relaxants.124 Muscle relax-
ants are rarely administered to ruminants.

Thrombophlebitis can occur after perivascular injection of ir-
ritating compounds, although usually not with the frequency or
severity that occurs in horses, and is treated similarly.125 Corneal
ulcers can also occur following anesthesia.126

Aspiration pneumonia occurs after regurgitation of rumen or

gastric contents and subsequent inhalation of the material. Ac-
tive regurgitation might cause the material to be inhaled deeply
into the pulmonary tree, initiating bronchospasm and physical
obstruction of the airways. Signs include dyspnea and, de-
pending on severity, cyanosis. If the patient survives the initial
insult, pneumonia is certain. Broad-spectrum antibiotics, anti-
inflammatory therapy, etc., are indicated.127 Silent or passive re-
gurgitation can occur with the same results, except that there usu-
ally is not as much particulate material in the regurgitant. Similar
treatment is instituted. Because of the potential severity of this
complication, prevention must be emphasized. Tracheal intuba-
tion is recommended, and, if not possible, the occiput should be
elevated to encourage fluids to drain from the mouth rather than
into the trachea38 (Fig. 28.2).

Analgesia
Providing postoperative analgesia is an important component of
veterinary anesthesia. There are very few approved drugs for pro-
vision of analgesia in domestic ruminants and none approved for
use in South American camelids. Drugs that have been used in
other species include the NSAIDs, carprofen, flunixin, phenylbu-
tazone, and ketoprofen; the opioids and opiates, butorphanol,
buprenorphine, fentanyl, and morphine; and lidocaine and keta-
mine. Although �2-agonists can provide analgesia, their behav-
ioral effects usually limit their use in ruminants. When applica-
ble, local anesthetic agents can be used to desensitize structures
and tissue.128 Epidural administration of local anesthetic agents
and opioids and opiates may be appropriate for some procedures.

Flunixin, which is approved for use in cattle, is dosed at 1.1 to
2.2 mg/kg IV per day. Carprofen can be given at 0.7 mg/kg IV
daily.129 When given at 4.0 mg/kg, therapeutic levels are main-
tained for at least 72 h.129 Ketoprofen can be dosed at 3.3 mg/kg
IV daily.129 Phenylbutazone is recommended at a dose of 2.2
mg/kg orally every 48 h.129 Withdrawal times following the use
of NSAIDs in ruminants are not well defined either for meat or
for milk, and caution must be exercised to prevent residues from
entering the food supply.129 More latitude is available when ad-
ministering NSAIDs to ruminants used in biomedical research.

Use of all the NSAIDs carries the risk of ulcer formation in the
third gastric compartment of South American camelids. When
extended use of these agents is anticipated, it is recommended—
in an effort to determine the minimal dose needed to provide
analgesic effect—that dosage amount and frequency be de-
creased after the desired effect is obtained. Flunixin is commonly
used for analgesia in South American camelids. The dose range
is 0.5 to 1.1 mg/kg IV given once daily.130 Flunixin has been
given at 1.1 mg/kg twice daily. Phenylbutazone is less commonly
used in camelids. When used, it is administered in a manner sim-
ilar to that in domestic ruminants (i.e., 2.2 mg/kg orally every 48
h).131 Ketoprofen has also been used in llamas at a dose of 1 to 2
mg/kg IV once daily.132

Opioids have been used to provide analgesia to domestic ru-
minants and South American camelids. Most commonly, either
butorphanol (0.05 to 0.2 mg/kg IM four times a day) or mor-
phine (0.5 to 0.1 mg/kg IM four times a day) has been recom-
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mended.13 The effect for both drugs lasts 3 to 6 h. The use of
other opioids, such as buprenorphine, fentanyl (both injectable
and transdermal), hydromorphone, and oxymorphone, may be
considered in dosages similar to those used in canine or equine
patients.133–136 The dose may be adjusted if the behavioral ef-
fects become problematic (i.e., too much sedation, dysphoria, or
locomotor activity).

Epidural opioids have been used extensively to provide anal-
gesia in companion animals133,134,137,138 and in horses.139

Morphine, which is the most commonly used agent, is typically
administered at a dose of 0.1 mg/kg to ease postoperative abdom-
inal and orthopedic pain and to prevent tenesmus in horses139 and
camelids.37 Analgesia begins in 30 to 60 min, with the action
lasting 12 to 24 h. Injection is typically through the sacrocaudal
space but can also be made at the lumbosacral space. A ruminant
or camelid that becomes recumbent should be placed in sternal
recumbency. As in other species, the lumbosacral space is caudal
to a line connecting the anterior border of the wings of the ileum.
In camelids, one can usually easily palpate the spinous process of
the last lumbar vertebra and direct the needle caudal to it to enter
the space. The spinous process of the first sacral vertebra is much
smaller than that of the last lumbar vertebra and is difficult to pal-
pate. Usually, an 18-gauge 7-cm spinal needle is adequate. If the
injection is made at the lumbosacral space, one must aspirate
prior to injection to ensure that the intrathecal space has not been
entered. Dose requirements are 50% to 70% less when an agent
is given intrathecally compared with epidural injection. If cere-
brospinal fluid is obtained, the analgesic dose must be decreased
or the needle must be withdrawn for epidural placement of the
drug.

Infusions of ketamine and lidocaine have been used to provide
analgesia in large and small animal patients. Ketamine is effec-
tive in small animal patients when administered at a loading dose
of 0.5 mg/kg IV followed by an infusion at 10 µg/kg/min.140

Ketamine has also been given alone at 6.6 to 13.3 µg/kg/min IV
in horses141 and at 40 µg/kg/min in camelids without untoward
behavioral effects.142 If desired, a loading dose of 0.5 mg/kg can
also be used in ruminants. Systemic lidocaine administration has
been effective in reducing overall anesthetic requirements in an-
imals under inhalation anesthesia.143–145 The reported lidocaine
loading dose ranges from 2.5 to 5.0 mg/kg IV to be followed by
an infusion of 50 to 100 µg/kg/min.143,145

Provision of general anesthesia and analgesia to domestic ru-
minants and South American camelids for complex diagnostic
and surgical procedures can be very rewarding. Although each
species may exhibit unique characteristics, meeting the chal-
lenges of anesthetizing a wide variety of ruminants and camelids
contributes greatly to the overall veterinary care of these species.
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Introduction
Swine (Sus scrofa domestica) present a special challenge to im-
mobilization and anesthesia. A thorough understanding of their
physiological response to mechanical restraint, anesthesia, and
surgery is essential for their safe handling.

Pigs come in all sizes. They range from piglets (0.5 to 3 kg) and
miniatures (10 to 30 kg) to individuals that can weigh in excess of
400 kg. Most research is conducted in pigs weighing less than 50
kg, as is most field and hospital surgery. Exceptions include ce-
sarean sections in mature sows and surgery in large boars.

The pig’s anatomical structure is not conducive to manual re-
straint, especially when it has grown large. The pig’s body is
shaped such that, in the wild, it can scurry through underbrush
and escape through small openings in an effort to elude its ene-
mies. No part of its body is easily grasped for restraint.

Pigs have only a few superficial veins (primarily on the dorso-
lateral surface of their ears) into which an injection can be made.
As a result, drugs injected by the intramuscular route have be-
come popular for immobilization and for induction of anesthesia.
Intramuscular injections must be made with needles in excess of
3 cm in length. Shorter needles may result in injection into fatty
tissue, delaying drug absorption into the bloodstream and deliv-
ery to the central nervous system (CNS). Injection into fatty tis-
sue is one of the most common reasons for alteration of the ex-
pected response to an intended intramuscular injection of an
anesthetic.

Most discussions are directly related to the importance of swine
as an agricultural entity because individual market pigs have lim-
ited economic value. Valuable breeding stock is an exception. The
overall value of individuals and the species as a whole increases
when we consider their selective breeding potential and contribu-
tion to medical research. Pigs are physiologically more closely re-
lated to humans than are most other species. Because of this sim-
ilarity, swine play an important role in human medical research.
The cardiopulmonary system and other organ systems, including
the skin and gastrointestinal tract, are similar to those in humans.
Thus, pigs have become widely used as laboratory research ani-
mals. This has increased in recent years with the advent of genetic
research directed toward various human diseases.

Several publications have reviewed anesthetic and analgesic
techniques in swine for research purposes.1–4 Domestic or com-
mercial species (i.e., food-producing swine) have undergone ge-
netic alterations that impact their reaction to stress and other re-
sponses to surgery and anesthesia. Veterinarians should be
familiar with these variations so as to minimize the occurrence of
preventable emergencies (e.g., malignant hyperthermia).

Sexual maturity occurs at approximately 6 months of age.
Body weight among breeds is highly variable. Studies comparing
three miniature breeds of pigs at 4 months of age clearly revealed
a significant difference in heart weight to body weight ratio.
When measured under the same conditions, cardiovascular pa-
rameters were significantly different among these pigs.5 This
suggests that biological measurements should not be extrapo-
lated among breeds or from one age to another. This variability
implies the need for more information regarding the norm for
various ages, sizes, breeds, and genders.

Preparation for Anesthesia
Elective surgery involving the abdominal organs is made easier
when mature pigs are starved for 12 to 24 h. It is less stressful for
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an isolated pig that can see and have nose contact with its fellow
penmates while food is being withheld. Gastrointestinal gas will
rapidly accumulate in improperly starved pigs. A full abdomen
can produce enormous pressure on the diaphragm, decreasing
pulmonary functional residual capacity and decreasing alveolar
ventilation, as well as complicating intra-abdominal organ ma-
nipulation. This is particularly true when surgery is 2 to 3 h long.
Bloat will often develop in nonfasted pigs receiving an anti-
cholinergic. The consequences of these alterations are compli-
cated by deep general anesthesia and any position associated
with a head-down tilt. Pigs are often restrained by hoisting them
by their rear legs. The head-down position can interfere with
breathing already depressed by the anesthetic. When surgery is
completed, the pig should be placed in an independent stall until
it has completely recovered from anesthesia. Otherwise, pen-
mates may cannibalize the recovering pig.

Sows presented for cesarean surgery are often hypotensive. If
labor has been prolonged, it is not uncommon for them to be suf-
fering from shock. It is wise to administer large amounts of bal-
anced electrolyte fluids and antibiotics prior to surgery. Sows
under these circumstances are not good candidates for extradural
or subarachnoid analgesia. Either may lead to hypotension, and
heavy fluid loading combined with ephedrine or phenylephrine is
recommended. Fluid loading is often a difficult chore, because
large peripheral veins are scarce in most breeds. An exception is
mature Landrace sows (Fig. 29.1).

Restraint
Baby pigs and small potbellied pigs are easily restrained by plac-
ing one hand over their back and the other under their sternum.
Rough handling, particularly during hot weather, should be
avoided because it can easily cause overheating and acute death.
Mature swine may be restrained with a soft cotton rope looped
around the maxilla just behind the upper canine teeth. A steel-
cable hog snare is also used for this purpose but is painful, and
pigs soon learn to avoid its placement. Head catches similar to
those designed for cattle and small ruminants can be used, but be-
cause of the shape of the pig’s head and neck, a considerable
amount of pressure must be exerted on the squeeze to secure the
head. This excessive pressure can result in airway occlusion. A
pig in the head squeeze must be observed closely to ensure that
its airway remains functional.

A mobile device commonly used for restraint is a webbed-top
stanchion. This apparatus is preferred over most commercial de-
vices because it can be used to restrain pigs of all sizes. If the de-
vice is of sufficient size, several pigs can be placed on it at one
time for anesthetic induction or other minor procedures.
Extradural injection is easily performed when a pig is restrained
in the webbing. Furthermore, the stanchion can serve as an oper-
ating table for minor elective procedures. Nylon webbing is eas-
ily sterilized by using a cold antiseptic solution or by steaming.
The cart is mobile and can be used to weigh the patient and trans-
port it into the surgery room for induction of anesthesia. Other
devices are available but are expensive and designed to accom-
modate only one pig at a time. The size of the pig that can be re-
strained is also limited.

Injection Sites
Pigs have a proclivity to store body fat. Thus, any injection in-
tended for intramuscular deposition must be made with a needle
that will reach muscular tissue. It is not desirable to inject into
the ham muscles of pigs destined for human food. Although sub-
cutaneous injections can be made, the pig’s tight skin prevents in-
jection of large volumes other than in the flank region and lateral
side of the neck immediately posterior to the ear. The blood sup-
ply to fatty tissue is poor, and drug uptake and distribution from
this tissue are very slow. Clinically, this often conveys a miscon-
ception about drug efficacy. The convenience of intramuscular
injection is attractive, but if the drug is injected into fat, drug
onset will be delayed and recovery will be prolonged. The possi-
bility of injection into fatty tissue detracts from intramuscular in-
jection technique in swine. This problem is frequently encoun-
tered in potbellied pigs when injections are made either in the
neck or rump areas (Figs. 29.2 and 29.3).

For induction of anesthesia, intravenous injection is preferred,
but the accessibility of veins is sparse in some breeds. In
Landrace swine, the auricular veins are usually large and easily
cannulated. Most injections are made in the central or ventrolat-
eral auricular veins. The major artery is located on the dorsolat-
eral aspect of the ear. Injection of an anesthetic (e.g., barbitu-
rates) into the artery can cause tissue slough of the distal end of
the ear. Using a tourniquet, it is possible to raise the cephalic vein
located on the dorsomedial aspect of the forelimb between the
elbow and carpus. However, this is often difficult in a struggling
pig. A single needle puncture is almost essential; otherwise, a
hematoma will often form, resulting in venous constriction.

In the rear limb, the femoral vein is prominent. Patient re-
straint for injection is a problem that often cannot be overcome
unless a sedative is given. The medial and lateral saphenous veins
are seldom used because of their small size and the difficulty of
patient restraint when attempting vena puncture. The jugular vein
can be entered if appropriate restraint is applied, but only if the
vein is well cannulated should an anesthetic be injected. Of con-
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Fig. 29.1. Cannulation of the central ear vein of a Landrace sow
with a 16-gauge catheter. A rubber band has been placed tightly
around the base of the ear to engorge the veins so they are more eas-
ily identified.



cern is the close proximity of the carotid artery. An alternative to
the jugular vein is the anterior vena cava. Entrance is made in the
jugular furrow just lateral to the manubrium sterni, with the nee-
dle directed at the opposing shoulder. The right side is usually se-
lected for vena cava puncture, even though the left side can be
used. Injections should be given slowly. The anterior vena cava
puncture is primarily used for blood-sample collection and is not
recommended for anesthetic drug administration.

Tracheal Intubation
The technique of inserting a tube into each individual nostril,
connected by a Y piece (Carlen’s adaptor) and attached to the
anesthetic rebreathing system, should be discouraged. This
method does nothing to protect the airway from aspiration of
vomitus. Further, any attempt to ventilate an apneic pig with
nasal intubation can result in gastric distension (meteorism) and
displacement of the diaphragm anteriorly. Functional lung capac-
ity is decreased, increasing the likelihood of hypoxemia. The im-
portance of tracheal intubation cannot be overemphasized. It pro-
vides a means of alveolar ventilation and protects the airway and
lungs from aspiration of foreign material.6

Two primary body positions, dorsal or sternal recumbency, are
used for tracheal intubation. The technique that best serves the
anesthetist should be chosen. Once proficiency has been gained,
body position is of little or no importance. Placing pigs in sternal
recumbency appears to be best for those anesthetists that have
had little or no experience. Gauze strips or small cotton ropes are
placed behind the upper and lower canine teeth to open the pig’s
mouth. A mouth wedge designed specifically for swine may be

used with or without gauze strips. The pig’s head should be ex-
tended, but excessive extension will make the arytenoid carti-
lages (i.e., laryngeal opening) more difficult to identify and in
some cases can actually occlude the airway. For pigs weighing
more than 50 kg, a laryngoscope with a 205-mm blade with an
extension (4 to 8 cm long) is desirable. Although some anes-
thetists use the blade tip to depress the epiglottis, it is more de-
sirable to set the blade so that when the handle is raised the tip of
the blade displaces the base of the epiglottis ventrally, providing
maximal exposure of the laryngeal opening. A local anesthetic
(e.g., 1 to 3 mL of a 2% to 4% solution of lidocaine sprayed di-
rectly into the laryngeal opening) will relieve laryngeal spasms
and coughing when intubating a lightly anesthetized pig.
Succinylcholine (1 to 2 mg/kg intravenously [IV]) may be given,
but this drug may trigger malignant hyperthermia in susceptible
swine. Furthermore, because the rimaglottidis is so small and be-
cause the mouth cannot be opened widely, a plastic guide stylet
(three times the length of the endotracheal tube) placed a short
distance into the trachea can be safely used to guide the endotra-
cheal tube through the larynx. Only cuffed tubes should be used
in mature swine. When using a guide tube, it must be held sta-
tionary as the endotracheal tube is being inserted over it. A stiff
stylet that is advanced deeply into the respiratory passages can
injure the bronchial and peribronchial tissues. Tension pneu-
mothorax could be a sequela.

A quick review of the anatomy of the pig’s larynx (Fig. 29.4A
and B) illustrates the tortuous course a tube must take to pass
through the larynx and reach the trachea. When passing the tube
without the aid of a stylet in a pig placed in a sternal position, the
natural tube curvature is placed so that the tip is ventral. As the
tube is advanced, it will meet resistance when the tip contacts the
posterior floor of the larynx. At this point, rotate the tube 180°
and apply minimal pressure. A correctly sized tube will be felt to
start its descent into the trachea, at which time it should again be
rotated back to its original position (i.e., with the curvature dor-
sal and the tip ventral). Some individuals with extremely fat
jowls (e.g., large potbellied pigs) can often best be intubated
while in lateral or dorsal recumbency (Fig. 29.4C). These posi-
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Fig. 29.2. Injection into neck region of an adult potbellied pig re-
quires at least a 1.5-inch needle to reach muscle tissue.

Fig. 29.3. Injection into the rump of an adult potbellied pig requires
at least a 1.5-inch needle for intramuscular drug deposition.



tions allow for a more direct route through the larynx and into the
trachea. The size of the endotracheal tube is important.
Practically, one should have three sizes at hand: the one thought
to be correct, one size larger, and one size smaller. Tube sizes will
range from 3 to 4 mm for piglets up to 16 to 18 mm in large boars
or sows (Table 29.1).

Traumatic intubation that injures the delicate laryngeal mu-
cosa can have a serious consequence. Formation of a hematoma
or generalized laryngeal edema may go unnoticed, only to be-
come evident when the tube is removed during recovery. Under
all circumstances, the tube should not be removed until the pig is
indicating laryngotracheal tube awareness as it awakens (e.g.,
coughing) or otherwise rejects the tube. A light spray of 2% to
4% lidocaine into the laryngeal opening just prior to or at the
time of tube removal will often prevent laryngospasm after tube
withdrawal.

The use of a laryngeal mask airway for induction of anesthe-
sia with inhalation anesthetics eliminates the requirement for IV

injected drugs for induction, thus eliminating a major step in the
anesthetic process of swine.7 This technique was initially de-
signed for people and has not been evaluated for use with artifi-
cial ventilation, which requires sealing of the upper airway.
Endotracheal intubation is not technically difficult for experi-
enced individuals.

750 ● Anesthesia, Analgesia, and Immobilization of Selected Species and Classes of Animals

Fig. 29.4. A: A sagittal view of a pig’s larynx and trachea. Note the
acute angle between posterior portion of the larynx and the tracheal
opening. Passage of the endotracheal tube is often difficult because
of the entrapment of its tip in the floor of the larynx. Prior placement
of a guide stylet through the tracheal opening will prevent entrapment
of the endotracheal tube in the middle laryngeal ventricle just anterior
to the thyroid cartilage and the posterior floor of the larynx anterior to
the cricoid cartilage when the tube is passed into the trachea. B: A
sagittal view of a potbellied pig’s head with the endotracheal tube
being positioned with the aid of a guide stylet. Note the small oral
passageway and the tortuous route the tube must take through the
larynx to finally enter the trachea. C: Potbellied pigs are often difficult
to intubate, especially when extremely brachycephalic.

B

C

A

Table 29.1. Endotracheal tube sizes for swine.

Swine size Tube size (mm)

Piglets 3–5
10–15 kg 5–7
20–50 kg 8–10
100–200 kg 10–14
Larger pigs 16–18



Anesthetic Induction, Monitoring, and
Recovery
Induction and Monitoring
The thiobarbiturates are the standard to which other injectable
anesthetics are compared. Two other major classes of anesthetics
that are commonly used in swine are the dissociatives (e.g., ket-
amine) and the inhalants. Induction drug popularity ebbs and
flows but in large part is governed by proper preanesthetic med-
ication. As in other species, so long as pigs are not overdosed, the
chosen induction drug or drugs are of minimal importance.

The thiobarbiturates are considered monoanesthetics but are
poor analgesics. The anesthetic dose is very close to the apneic
dose. Repeated injection will saturate tissues and prolong recov-
ery. There is no specific antagonist for barbiturates. Some drug
combinations will provide better laryngeal relaxation than do bar-
biturates. A combination that provides good laryngeal relaxation
consists of guaifenesin, ketamine, and xylazine (triple drip).

When anesthesia is being induced with an inhalant (e.g., halo-
thane or isoflurane) in oxygen, there is a minimal amount of time
to complete the intubation procedure once the nose cone is re-
moved. Until regular breathing and signs of surgical anesthesia
occur, the nose cone should be kept in place. Thus, the general pro-
cedure is to remove the nose cone, open the pig’s mouth and
quickly spray the laryngeal opening with lidocaine, replace the nose
cone, and continue with inhalant administration. For intubation, the
laryngeal opening is exposed and identified with a laryngoscope,
and the tube put in place by one of two methods described earlier.
After proper positioning of the tube, the cuff is inflated so that when
a pressure of 18 to 20 cm H2O is applied to the rebreathing circuit,
a slight escapement of air can be heard from the pig’s mouth.

Apnea is simply dealt with by rhythmically squeezing the re-
breathing bag four to eight times per minute or by the use of an
Ambu resuscitator bag when the patient is not connected to an
anesthetic-rebreathing system. With the latter, either oxygen or
ambient air can be used. Excessive ventilation will decrease
blood carbon dioxide (CO2) concentration and may prolong
apnea. Experience gained in intubating pigs will increase an
anesthetist’s confidence and proficiency. Furthermore, an assis-
tant who understands the anatomy of the pig’s airway and appre-
ciates the importance of keeping the pig’s head and neck prop-
erly positioned is essential for a clean, safe, tracheal intubation.

The bispectral index (BIS) is a variable derived from an elec-
troencephalogram that has been reported to be a measure of the
hypnotic component of the anesthetic state. It has been used in
people and animals to provide a measure of anesthetic depth. In
swine, BIS values have a poor correlation with anesthetic depth
and do not predict changes in arterial blood pressure or heart
rate.8,9 Nor have bispectral index values been useful for predict-
ing recovery from either sevoflurane or propofol anesthesia.9 It
appears that BIS values should not be solely relied on to monitor
anesthesia depth in swine.

Care During Recovery
Apnea resulting from laryngeal hematoma, edema, and/or
spasms can occur and quickly cause death once the endotracheal

tube is removed. Spraying the larynx with a modest amount of
phenylephrine (Neosynephrine) prior to tube removal may be
helpful in decreasing vascular congestion and edema formation
in some cases. Thus, monitoring respiration and other signs dur-
ing recovery is of the utmost importance. Less vigilant monitor-
ing is required once a pig has gained its righting reflex and can
maintain sternal position. Difficulty in breathing and restlessness
accompanied by hypoxemia are usually the first signs of a trau-
matic recovery that must be dealt with at once, because time is
crucial. Laryngeal edema can be treated by reintubation, but at-
tempting to intubate a struggling pig is usually futile. If the intra-
venous catheter is still in place, the pig can be reanesthetized and
an endotracheal tube quickly positioned to support ventilation. In
extreme emergencies, it may be more efficient and less time con-
suming to quickly perform a tracheostomy after local anesthetic
infiltration of tissues around the trachea.

It is important to keep piglets warm during recovery. If the
chest or abdomen has been opened for any length of time in small
pigs, it is essential to prevent further loss of body temperature
and provide a source of external heat by covering the pig with a
blanket or by using a warm-air–circulating device. Wrapping the
extremities in bubble sheeting, the type used to pack fragile items
for shipment, is helpful. Also, a sheet of this material between the
patient and a cold surgical tabletop will help maintain body tem-
perature. Warm fluids should be administered whenever possible.

Postoperative pain should be treated with appropriate anal-
gesics. �2-Adrenoceptor agonists, opioids, and local anesthetics
can be administered alone or in combination to induce analgesia.
These drugs have also been injected alone and in combination in
the epidural space to provide postoperative analgesia. Opioid
agonist-antagonists that can be injected parenterally in pigs to
relieve postoperative pain include pentazocine (0.4 to 0.5 mg/kg
intramuscularly [IM]), butorphanol (0.1 to 0.5 mg/kg IM or IV),
nalbuphine (0.15 to 0.2 mg/kg IM), and buprenorphine (0.1 to 
0.2 mg/kg IM or IV). Transdermal fentanyl patches that deliver
50 or 100 µg/h can also be used to control postoperative pain for
3 to 4 days.

Injectable Drugs
Parasympatholytic Drugs
The anticholinergic drugs atropine sulfate and glycopyrrolate are
commonly used in swine. Because bradycardia is seldom a prob-
lem in anesthetized swine, the main use of these drugs is to in-
hibit excessive salivation. Neither drug is routinely required.
Generally, the pig has a heart rate faster than 80 beats/min. Under
clinical situations, a heart rate faster than 120 beats/min is not
uncommon. Anticholinergics increase heart rate and thus my-
ocardial work and oxygen consumption. Tachycardia can lead to
a variety of other arrhythmias and, if not properly dealt with, can
end in cardiac arrest. Preexisting bradycardia (i.e., heart rates
below 50 beats/min) should be treated with either atropine (0.02
to 0.04 mg/kg IM) or glycopyrrolate (0.005 to 0.01 mg/kg IM)
prior to anesthesia induction. Unlike cats and cattle, swine will
respond to anticholinergics with a drier mouth. The airway will
be drier and intubation easier. The major contraindication to this
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class of drugs is an existing tachycardia, as may be seen in pa-
tients with fever, extreme excitement, or hyperthyroidism.

Because swine occasionally vomit during the recovery period,
glycopyrrolate would seem to be the anticholinergic of choice.
This drug tends to decrease gastric fluid secretion and acid con-
tent and, unlike atropine, promotes gastric emptying. Further,
glycopyrrolate is a large quaternary ammonia compound and
does not readily cross the blood-brain barrier. In people, glycopy-
rrolate is considered to be about twice as potent an antisialagogue
as atropine and has a longer action.10

Ataractics (Tranquilizers)
Phenothiazine derivatives are not as effective in swine as in many
other species. Although tranquilized swine are easier to ap-
proach, they will still resist mechanical restraint vigorously. It
seems that the most effective tranquilizer in swine is azaperone
(a butyrophenone derivative). Most tranquilizers offer little or no
analgesia. Thus, their use in anesthetizing swine is limited unless
they are combined with other drugs that induce analgesia and de-
press CNS activity. For example, Innovar-Vet (droperidol and
fentanyl) will provide reasonable calming if administered in pigs
experiencing pain. However, if aroused, pigs often sneeze and
appear to become more excited after drug injection. When
Innovar-Vet is combined with xylazine, sedation is more pro-
nounced, and pigs often lie quietly for some time. However, pigs
will often respond vigorously to painful manipulation. Veterinary
practitioners have reportedly given extremely large doses of phe-
nothiazine tranquilizers along with local analgesics to induce in-
tense quiescence in older sows undergoing cesarean section. The
use of these high doses can induce intense vascular alpha-
receptor blockade, resulting in hypotensive shock, and should be
discouraged. Many of these sows fail to recover, even though
their piglets reportedly recover satisfactorily. The use of high
doses of a tranquilizer as a substitute for an anesthetic is im-
proper in any species.

Butyrophenone tranquilizers include droperidol, fluanisone,
and azaperone. Although azaperone is often used as a preanes-
thetic, its predominant use (2.5 mg/kg IM) is to prevent fighting
and anxiety among newly mixed pigs. Large doses will induce
deep tranquilization and hypotension. The recommended intra-
muscular dose of azaperone for preanesthetic tranquilization
ranges from 2 mg/kg in older, large swine to 8 mg/kg in young
swine for purposes of immobilization. The use of droperidol as a
sedative in pigs has also been described. A dose of 0.3 mg/kg IM
induced sedation within 5 min, with a duration of about 2 h.11

The benzodiazepines (i.e., minor tranquilizers) are useful in
swine but expensive. Although there are many benzodiazepine
derivatives, diazepam and midazolam are most frequently used in
North America. Reportedly, flurazepam (2 mg/kg IV),12 lo-
razepam (0.1 mg/kg IV),13 brotizolam (1 to 10 mg/kg orally),14

and zolazepam (a component of Telazol) produce good effects in
swine. Benzodiazepines induce hypnosis, sedation, and muscle
relaxation, but little or no analgesia. Thus, they are generally
combined with an anesthetic or strong analgesic to enhance anes-
thetic action. Diazepam (1 to 10 mg/kg IM or 0.5 to 2.0 mg/kg
IV) is usually combined with ketamine and xylazine or with an

inhalant for its additive muscle-relaxing and sedative effects.
Diazepam, as is true of most benzodiazepine derivatives, will de-
crease anesthetic requirement even though it is not a strong anal-
gesic. When given in large doses, benzodiazepines prolong re-
covery. This is particularly true in older sows and boars given
large intramuscular doses. Midazolam, unlike diazepam, is water
soluble and may be given by either the intravenous route or intra-
muscular route without causing severe pain. The dose ranges
from 0.1 to 0.5 mg/kg, with 0.5 mg/kg IM providing adequate se-
dation for conducting minor procedures in swine.11 Midazolam
is approximately twice as potent as diazepam.

Sedation can be achieved with intranasally injected midazolam
(0.2 or 0.4 mg/kg).15 Midazolam induces significant calming and
sedation within 3 to 4 min. The optimal intranasal dose of mida-
zolam to induce rapid and reliable sedation in laboratory piglets
is approximately 0.2 mg/kg.

Flumazenil is a specific benzodiazepine antagonist. The mini-
mal effective dose for reversal of diazepam or midazolam has not
been established in swine. Clinical experience suggests that a
dose of 1 part flumazenil to 13 parts of a benzodiazepine agonist
will adequately antagonize lingering sedation and muscle relax-
ation (e.g., if 1.3 mg/kg of diazepam is given, 0.1 mg/kg of
flumazenil is required). When using this ratio, flumazenil
demonstrates good efficacy in antagonizing the residual muscle-
relaxing actions of zolazepam in mature swine.

�2-Adrenoceptor Agonists
The �2-adrenoceptor agonists available for veterinary use in-
clude xylazine, detomidine, romifidine, and medetomidine.
However, only xylazine has been used to any great extent in
swine. Although xylazine is an extremely potent sedative in other
animal species, it is not in swine. After injection of xylazine or
detomidine, some sedation is apparent. Pigs will usually lie down
in 10 to 15 min but, when approached, will rapidly rise and flee.
Thus, in swine, xylazine is usually combined with other drugs.
For example, xylazine and ketamine have become a popular
anesthetic drug combination for use in swine. The dose of xy-
lazine ranges from 1 to 2 mg/kg administered either IM or IV.
The intravenous dose of detomidine or medetomidine is 40
µg/kg, whereas the intramuscular dose of either agent is report-
edly 80 µg/kg. Sedation from �2-adrenoceptor agonists can be ef-
fectively antagonized with either yohimbine (0.15 to 0.2 mg/kg
IV) or tolazoline (2 to 4 mg/kg IV). Atipamezole, which is also a
very effective �-adrenoceptor antagonist, has been used at doses
ranging from 200 to 300 µg/kg IM to reverse �2-agonist effects
in pigs.16

In isoflurane (1.3% end-tidal sample)-anesthetized swine (15
to 35 kg), studies designed to test the analgesic effects of xy-
lazine, medetomidine, and detomidine revealed that xylazine (2
mg/kg) and medetomidine (40 µg/kg), but neither detomidine (40
µg/kg) nor the �2-antagonist atipamezole (200 µg/kg), provided
short-term analgesia.17 All �2-agonists increased blood pressure.
Of interest, atipamezole administration increased blood pressure,
apparently as a result of an increase in heart rate, that persisted
throughout the postanesthetic observation period. These results
suggest that �2-agonists provide only short-term analgesia and
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that their use as preemptive analgesics may not be an appropriate
choice.

�2-Agonist Epidural Analgesia
Xylazine has both �1 and �2 activity, whereas detomidine acts
predominately at �2-adrenoceptors. Both alpha-subtype recep-
tors are located in the dorsal horn of the spinal cord.18,19 Also,
analgesia can be induced by both �1- and �2-adrenergic agonists
when injected intrathecally.20 This finding supports the specula-
tion that xylazine-induced analgesia is mediated in part by �-
adrenoceptor stimulation. The ratio of �1- to �2-adrenoceptors in
the spinal cord of domestic swine has not been determined.
Xylazine induces more profound analgesia than does detomidine
in this species.19 In pigs receiving either intrathecal xylazine or
detomidine, the response is different after a pure �2-antagonist
(e.g., atipamezole) is administered. In detomidine-treated pigs,
sedation, analgesia, and immobilization are quickly abolished
after intravenous injection of atipamezole. In xylazine-treated
pigs, however, sedation is abolished, but loss of motor and sen-
sory responses posterior to the site of xylazine injection re-
mains.19 Seemingly, this indicates the presence of a xylazine-
induced spinal local analgesic effect. This has also been reported
in horses and cattle.21–23 Although epidural injection of either
xylazine or detomidine induces some sedation, analgesia, and
immobilization, the intensity of analgesia appears to be greater
with xylazine. Xylazine’s superior analgesic action could be me-
diated by either its �1-adrenoceptor activity located in the dorsal
horn of the spinal cord and/or a local analgesic effect independ-
ent of �-adrenoceptor stimulation.19

With this knowledge, sows weighing from 150 to 225 kg
scheduled for a cesarean section can be given an epidural injec-
tion of 10 mL of 2% lidocaine containing xylazine at a dose of
0.5 to 1.0 mg/kg. The onset of sedation, analgesia, and rear-limb
immobilization are rapid. Complete immobilization of the rear
quarters lasts for approximately 3 to 4 h. Sows will lie quietly for
over 1 h, at which time some front-limb movement may occur.
Even though there is some xylazine-induced sedation, the fore-
limbs should be tethered. Piglets are lively when delivered and
experience no difficulty in breathing. Lingering sedation can be
effectively antagonized with either yohimbine (0.15 to 0.2 mg/kg
IV), tolazoline (2 to 4 mg/kg IV), or atipamezole (200 to 300
µg/kg IM). Veterinarians skilled in the technique of epidural in-
jection will find this a useful anesthetic regimen for use in swine
when analgesia posterior to the umbilicus and mild sedation are
both required.

Barbiturates
Because barbiturates are given primarily by intravenous injection
in the ear vein, dilute solutions are preferred (i.e., 5% concentra-
tion or less). Perivascular injection will often cause sloughing of
the skin surrounding the vessel. The thiobarbiturates (i.e.,
thiopental and thiamylal) and oxybarbiturates can be used in
swine either by a repeated bolus technique or by continuous in-
fusion.24,25 If properly ventilated, pigs will survive extraordinar-
ily large doses over time, but recovery may be extremely long.
Because of their rapid onset and shorter duration of action in

swine, thiobarbiturates (e.g., thiopental) are preferred over oxy-
barbiturates (e.g., pentobarbital). The effect of a barbiturate may
be enhanced with xylazine (1 to 2 mg/kg), ketamine (2 to 4
mg/kg), a benzodiazepine (e.g., diazepam, 2 to 4 mg/kg), or an-
other tranquilizer (e.g., azaperone, 2 to 4 mg/kg). When a barbi-
turate is used alone for more than a brief period of surgical anes-
thesia, the patient’s trachea should be intubated, and a means of
instituting positive pressure ventilation must be at hand. An
Ambu bag will serve this purpose well because it may be used to
ventilate with ambient air or oxygen. Properly ventilated pigs can
tolerate three times the surgical dose of a barbiturate. Death of
swine from barbiturates is usually a direct result of respiratory
arrest.

Pentobarbital is vaguely classed as a short-acting barbiturate,
but when dosed repeatedly or administered as a constant infu-
sion, recovery will be prolonged. The anesthetic dose of pento-
barbital ranges from 20 to 40 mg/kg IV. When given as a contin-
uous infusion, the recommended dose is 5 to 15 mg · k�1 ·
h�1.24,25 Xylazine will decrease the anesthetizing dose of pento-
barbital measurably, as will diazepam or ketamine.24

Pentobarbital is an extremely effective anticonvulsant.
Diazepam can be given for this purpose but has a shorter period
of action and is much more expensive. In addition, dysphoria,
often seen in swine recovering from ketamine administration,
can be controlled with pentobarbital (6 to 10 mg/kg IV or IM).
When possible, the smaller dose is given slowly IV. When intra-
venous injection is not possible, the larger dose (10 mg/kg) di-
luted to 3% or less with saline or water may be given IM. When
administered IM as a dilute solution, pentobarbital should be in-
jected deeply into a large muscle mass. In commercial swine, the
most appropriate site for intramuscular injection is the neck mus-
cle just caudal to the ear.

Commercially available thiobarbiturates are sold as desiccated
powders and solubilized with either distilled water or saline.
Concentrations of 2.5% to 5% are preferred. Until the removal of
thiamylal from the market, it was the most widely used barbitu-
rate in veterinary patients, including swine. Thiobarbiturates are
characterized as being ultra-short-acting. This is somewhat of a
misnomer inasmuch as duration of action correlates directly with
total dose. More correctly stated, these barbiturates have a more
rapid onset of action than oxybarbiturates.

The thiobarbiturates are more soluble in blood and tissue than
are the oxybarbiturates (e.g., pentobarbital). Thus, the induction
dose is less and recovery time is shorter after a single bolus injec-
tion of thiobarbiturate. As with the oxybarbiturates, thiobarbitu-
rates are sometimes used as monoanesthetics. Analgesia is mini-
mal until deep planes of anesthesia occur. As previously stated,
the dose for deep surgical anesthesia is very close to the apneic
dose. The induction dose of either thiopental or thiamylal ranges
from 10 to 20 mg/kg IV. The higher dose is given in unpremed-
icated young swine and the lower dose in sedate or tranquilized
swine. To a large extent, the dose depends on the degree of anal-
gesia and immobilization required. For example, procedures that
are pain free, such as radiography, require a minimal dose. The
dose also depends on the physical condition of the patient and
availability of respiratory support equipment. When thiamylal or
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thiopental is used as a continuous infusion to maintain anesthesia,
the recommended dose is 3 to 6 mg · kg�1 · h�1 IV.24,25

Because the swallowing reflex remains intact after induction
with a dissociative (e.g., ketamine or tiletamine), a small dose of
thiopental (4 to 6 mg/kg IV) can be used to abolish laryngeal re-
flexes that interfere with endotracheal intubation. Specific antag-
onists for barbiturates are unavailable at this time. However, after
ensuring a patent airway, an analeptic such as doxapram (0.50 to
1.0 mg/kg IV) can be used to stimulate breathing. This effect can
be short-lived in patients that have received large doses of a bar-
biturate. Under such circumstances, mechanical ventilation
should be initiated and continued until the pig reinitiates sponta-
neous breathing.

Injectable anesthetic drug combinations, because of ease of
administration and economic concerns, have become extremely
important in swine destined for short-term anesthesia. An impor-
tant study used 46 mature swine to compare the effects of several
anesthetic combinations. One group was given azaperone (1.0
mg/kg IM) and ketamine (2.5 mg/kg IM), a second group re-
ceived etomidate (200 µg/kg IV) followed by midazolam (100
µg/kg IM), and a third group was given ketamine (2 mg/kg IM)
and midazolam (100 µg/kg IM). The remainder of the pigs (n =
15) were given pentobarbital (15 to 20 mg/kg IV). Clinical com-
parison of the foregoing drug combinations with pentobarbital
alone clearly revealed that pentobarbital caused more respiratory
depression and a higher complication rate than all the other drug
combinations.26 Pentobarbital caused severe respiratory depres-
sion. Apnea occurred in two pigs and was fatal in one. Positive-
pressure ventilation with oxygen was required in three other pigs
to sustain pulmonary function. It seems that, although pentobar-
bital is a useful injectable anesthetic, surgical anesthesia with this
drug requires close patient observation and ventilatory support.
As a matter of fact, when pentobarbital is used alone, veterinari-
ans should be prepared to deal with apnea; otherwise, anesthetic
catastrophes are inevitable. In summary, the thiobarbiturates are
useful in swine, but they cannot be recommended as monoanes-
thetics for prolonged surgery without controlled ventilation
and/or when rapid patient recovery is required.

Methohexital is an ultra-short-acting methylated oxybarbitu-
rate that is approximately three times as potent as thiopental. It is
usually prepared in a 2.5% solution. In veterinary practice, it has
been used primarily in sight hounds because of its brief action. It
has proven an effective induction anesthetic in many species
when administered IV. It may also be given to maintain anesthe-
sia by continuous infusion. However, it induces muscle fascicu-
lations during induction, and recovery is often described as rough
in swine not receiving preanesthetic medication (e.g., xylazine or
azaperone). Methohexital is used most often to induce anesthe-
sia, followed by maintenance with an inhalant. As with the thio-
barbiturates, the dose varies considerably and depends on the
type and amount of preanesthetic given. In healthy, unpremed-
icated, commercial swine, the dose ranges from 6 to 10 mg/kg IV.
In potbellied pigs, one-half to two-thirds the dose recommended
for commercial swine appears to be appropriate.

Recovery from a single anesthetizing dose of methohexital is
usually complete in 20 to 30 min. As with all barbiturates, respi-

ratory depression and apnea are the most serious problems en-
countered when high doses are injected rapidly IV or when re-
peat doses are given. The necessity for repeat administration has
been largely resolved under field conditions by providing com-
plete analgesia with local infiltration of the surgical site or
epidural injection of a local anesthetic. Lidocaine (2%) is a rea-
sonable choice for local infiltration and often enables completion
of minor surgery as the pig recovers from barbiturate-induced
unconsciousness.

Dissociatives
Drugs disconnecting higher brain centers (thalamocortical) from
lower centers (limbic systems) are referred to as dissociative
anesthetics. The first dissociative used in veterinary anesthesia
was phencyclidine hydrochloride. Although its use in swine and
bears gained some popularity, illicit use as a street drug resulted
in its removal from the medical market. Subsequently, tamer and
perhaps less addictive derivatives were synthesized: ketamine
and tiletamine. These drugs have become popular for anesthesia
induction and brief surgical procedures when combined with �2-
agonists, opioids, and/or benzodiazepines.

Ketamine, an extremely popular and widely used anesthetic in
people and animals, and its predecessor, phencyclidine, are often
referred to as “pig tranquilizers” by uneducated individuals.
Attempts to use these agents as monoanesthetics in swine have
not induced effective surgical anesthesia. On the other hand,
when combined with opioids, benzodiazepines, and or �2-
agonists, the level of anesthesia and analgesia increases. Such
drug combinations can be used to provide both long-term and
short-term anesthesia in swine. Typically, prolonged anesthesia
and analgesia requires coadministration of sedative and analgesic
drugs. Without added sedation and analgesia, recoveries can be
extremely rough and prolonged.27

Tiletamine is available only in a proprietary compound
(Telazol). This drug combination consists of a 1:1 mixture of tile-
tamine and zolazepam. The latter is a benzodiazepine similar to
diazepam but more potent. Anesthesia induced with dissociatives
is characterized by incomplete muscle relaxation, often referred
to as a cataleptoid state. Zolazepam tends to relieve this problem
by providing muscle relaxation but does not seem to add meas-
urably to analgesia.

Dissociative-induced analgesia appears to result in part from
its action on N-methyl-D-aspartate (NMDA) and opioid recep-
tors. However, attempts to antagonize ketamine’s action with
naloxone have not been effective.28 During ketamine anesthesia,
the patient’s eyes remain open and the swallowing reflex usually
remains intact. However, this does not prevent the patient from
aspirating vomitus should vomiting occur during anesthesia.
Vomition can be a real threat when pigs are not properly fasted.
In people, ketamine-induced analgesia has been described as in-
tense.29 From clinical and laboratory observations, ketamine
does not appear to induce analgesia in swine of the same magni-
tude as that described in people.30

Because ketamine induces excessive salivation in swine, it
seems logical to administer an anticholinergic (atropine, 0.04
mg/kg IM). However, the use of atropine should be avoided in
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patients with tachycardia or fever. When given IM at a dose of 10
to 12 mg/kg, ketamine will immobilize swine in approximately 5
min. Although xylazine does not provide good muscle relaxation
or sedation when given alone, it will greatly enhance the anes-
thetic effects of ketamine. The xylazine dose range is 2 to 3
mg/kg IM or 1 to 2 mg/kg IV. When combined with ketamine,
xylazine improves analgesia and muscle relaxation.4 When nec-
essary, anesthesia can be prolonged in healthy patients by using
2 to 4 mg/kg of ketamine and 0.5 to 1.0 mg/kg of xylazine mixed
in the same syringe and injected slowly IV. When an auricular
vein can be cannulated prior to induction, ketamine should be ad-
ministered IV. A smaller dose is required (4 to 6 mg/kg).
Recovery is quicker and excitement during recovery is less likely
to occur with the lower intravenous dose. Excitement during re-
covery is most often seen in old, mature sows and boars but is
less likely when xylazine is a part of the anesthetic regimen.

Because physical restraint is frequently difficult in mature
swine, the intramuscular route is often used to immobilize large
patients. A drug combination that reportedly works well when
administered IM is ketamine (4 mg/kg), oxymorphone (0.15
mg/kg), and xylazine (4 mg/kg). If an intravenous injection can
be made, the dose of each drug is decreased by one-half.4,31 This
drug combination, although expensive, offers relatively good
analgesia and muscle relaxation. Recovery is generally smooth
and can be hastened with naloxone and yohimbine administra-
tion. It should be remembered that oxymorphone and xylazine
reversal antagonizes postoperative analgesia and sedation. An ex-
citatory response may ensue.

Ketamine (6 to 8 mg/kg) and xylazine (1 to 2 mg/kg) drawn
into the same syringe may be safely used to anesthetize large
boars for castration. One-half of the drug combination is injected
deep into the center of each testicle. Rapid castration removes the
remaining drug contained in the testicle, promoting a rapid re-
covery. Large doses of pentobarbital have also been administered
intratesticularly for the same purpose, but recoveries are consid-
erably longer.

The 5-mL vials of Telazol contain 250 mg of tiletamine and
250 mg of zolazepam. Zolazepam is similar to diazepam but is
water soluble and more potent than diazepam. As previously
mentioned, zolazepam has a central muscle-relaxant action that
partially relieves the cataleptoid state induced by a dissociative.
Excessive or repeat dosing of Telazol can cause prolonged recov-
ery, particularly in older swine and other large species. Telazol is
approved only for intramuscular use in dogs and cats but has
been widely used in other species, including swine.

Telazol alone does not provide enough CNS depression and
analgesia for most surgical procedures but can be an effective
anesthetic in swine when combined with the proper adjunct.
Presently, xylazine is the most popular drug for this purpose. �2-
Agonists have been shown to decrease the requirement for in-
halant anesthesia by as much as 90%. Telazol (6.6 mg/kg IM)
combined with xylazine (2.2 mg/kg IM) immobilizes 20- to 30-
kg pigs in 1 to 2 min, and the anesthetic time extends up to ap-
proximately 1 h. Tracheal intubation is easily performed.32 These
drugs can be mixed in the same syringe for easier administration.
Prolonged recoveries have been experienced in old sows and

boars when given the dose reported for 20- to 30-kg pigs.
Extended recoveries are more likely when this drug regimen is
administered IM or after redosing to extend anesthesia.
Prolonged recovery appears to be due in large part to zo-
lazepam’s lingering effects. Consequently, smaller intravenous
doses are recommended for older swine (Telazol, 2.2 to 4.4
mg/kg; and xylazine, 1.1 mg/kg). When using the intravenous
route, anesthesia may be safely extended by giving one-half the
original dose as required.

Telazol and xylazine have been used extensively to immobilize
collared peccaries (Tayassu tajacu) and feral swine (Sus scrofa)
for several years. This drug combination, when precisely com-
bined, is one of most effective immobilizing compounds for
swine when injected IM. Of interest is a study that shows that a
1:1 mixture of Telazol and xylazine (100 mg Telazol + 100 mg
xylazine/mL) effectively and safely immobilizes wild collared
peccaries as well as feral domestic swine (Sus scrofa). The mix-
ture dose of 4 to 5 mg/kg IM was effective in both species.
Immobilization time was rapid (4 to 5 min), and recovery times
ranged from 54 to 78 min.33

Another report has suggested that a combination of Telazol
and xylazine effectively and safely immobilized the babirusa
species (Babyrousa babyrussa).34 Anesthesia in females required
a higher induction dose than did that in males. Xylazine was ad-
ministered first in females at a dose of 1.88 ± 0.37 mg/kg IM,
whereas males received 1.22 ± 0.16 mg/kg IM. After xylazine
premedication, anesthesia was induced with Telazol at a dose of
2.2 mg/kg in females and 1.7 mg/kg IM in males. This anesthetic
combination is reported to have rapidly induced immobilization,
analgesia, and good muscle relaxation. However, supplemental
ketamine was given to prolong anesthesia, when required. The
sedative and muscle-relaxing actions of xylazine and zolazepam
were safely and rapidly antagonized by yohimbine (0.15 mg/kg
IM) and flumazenil (1 mg/20 mg of zolazepam IM), respectively.
Interestingly, atipamezole (200 to 300 µg/kg IM) appears to be a
more effective �2-antagonist in swine than does yohimbine.

Injectable Drug Combinations
Telazol-Ketamine-Xylazine (TKX)
Zolazepam appears to be responsible for the posterior weakness
observed in recovering mature swine when Telazol is given IM in
anesthetic doses. To minimize this problem, the dissociative con-
tent in the Telazol mixture can be increased by adding ketamine.
Xylazine is also added to increase the sedative and analgesic ef-
fects of the mixture. In an unused vial of Telazol, 2.5 mL of ket-
amine (100 mg/mL) and 2.5 mL of xylazine (100 mg/mL) are
added to dissolve the powder. This mixture provides 100 mg of
dissociative/mL (tiletamine plus ketamine) and 50 mg/mL each
of xylazine and zolazepam. In this mixture, zolazepam consti-
tutes only 25% of the total drug dose rather than the 50% found
in the proprietary mixture.

For commercial swine, the recommended dose of this drug
combination is 1 mL/35 to 75 kg IM, depending on the anesthetic
depth required. For sedation and light anesthesia, potbellied pigs
appear to require a smaller dose, approximately one-half that
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given to commercial swine. Anesthesia may be extended by in-
jecting one-half the intramuscular dose slowly IV to avoid apnea
or by administering either halothane or isoflurane in oxygen
from a nose cone. The inhalation anesthetic requirement is
greatly decreased with this drug mixture.

In growing swine weighing 20 to 45 kg under field conditions,
three injectable general anesthetic drug combinations were com-
pared, including azaperone (2 mg/kg IM) + metomidate (10
mg/kg intraperitoneally); tiletamine + zolazepam (6 mg/kg IM) +
xylazine (2 mg/kg IM); and tiletamine + zolazepam + ketamine
+ xylazine (TKX, 1 mL/45 kg IM) (as described previously).
Clinical observations, plus pinprick and ease of drug mixture,
were used to evaluate anesthetic effectiveness.35 Although this
study did not find any significant differences between the three
anesthetic protocols, past experience and reports have clearly
shown that TKX is superior to all combinations evaluated.
Preparation of drug mixtures should not be considered a major
disadvantage when such mixtures better provide for smooth in-
duction, good analgesia, muscle relaxation, and rapid recovery.

In another study, four anesthetic drug combinations were eval-
uated in swine. These combinations included TKX (Telazol, 4.4
mg/kg IM; ketamine, 2.2 mg/kg IM; and xylazine, 2.2 mg/kg
IM); TX (Telazol, 4.4 mg/kg IM; and xylazine, 2.2 mg/kg IM);
T2X (Telazol, 4.4 mg/kg IM; and xylazine, 4.4 mg/kg IM); and
KX (ketamine, 8 mg/kg IM; and xylazine, 4 mg/kg IM). These
drug combinations were evaluated for restraint and induction of
surgical anesthesia in 40 swine, 10 in each group. All drug com-
binations were drawn up singularly, mixed in a single syringe,
and administered as a single intramuscular injection. All combi-
nations were reportedly safe and satisfactory for anesthesia in-
duction in swine of this age (6 to 8 months). However, the TKX
and T2X combinations were preferred.36

Because of the popularity of potbellied pigs as companion an-
imals, practitioners are occasionally asked to perform selected
surgical and diagnostic procedures on these swine (e.g., hoof
trim, hernia repair, ovariohysterectomy, castration, cesarean sec-
tion, and ultrasound for pregnancy diagnosis). The potbellied
pig’s body appears to be sturdily built but is heavily covered with
fatty tissue, and drug injection can be problematic. Table 29.2
lists a variety of drugs and combinations used in this breed of
swine. For predictable response, care must be taken to ensure the
anesthetic drugs are deposited into muscle and not fat when in-
tramuscular injection is attempted.

Guaifenesin-Ketamine-Xylazine (Triple Drip)
This drug combination is prepared by adding 2 mg of ketamine
and 1 mg of xylazine to each milliliter of 5% guaifenesin pre-
pared in 5% dextrose in water. The drug combination must be ad-
ministered IV. This can be a major problem because of the ab-
sence of accessible auricular veins in some individuals. The
induction dose ranges from 0.67 to 1.0 mL of the mixture per
kilogram. The average anesthetic maintenance dose is 2.2 mL ·
kg�1 · h�1. Using a standard intravenous delivery set (15 drops
= 1 mL), the maintenance dose is calculated as follows: (kilo-
grams of body weight) � (2.2 mL · kg�1 · h�1) � 15 drops/mL
divided by 60 = drops/min and when divided again by 60 =

drops/s. In a 150-kg sow, induction would require approximately
100 to 150 mL, depending on the rate of injection. Maintenance
would be calculated as follows: 150 � 2.2 � 15 = 4950 drops/h
divided by 60 = 83 drops/min, divided by 60 again = approxi-
mately 1.4 drops/s. This dosage rate is sufficient for the average
sow. Sows that have been in prolonged labor usually require a
smaller dose. On the other hand, young, vigorous sows, in labor
for only a short time, may require an increased dose. Animal re-
sponse will serve as a guide to dose requirement. As with any in-
jectable mixture, it should be given to effect as measured by
monitoring of vital signs.

Induction and recovery from this anesthetic mixture are rapid
(recovery occurring in 30 to 45 min). Recovery time can be de-
creased by intravenous injection of a specific xylazine antagonist
(e.g., yohimbine, 0.06 to 0.1 mg/kg; or tolazoline, 2 to 4 mg/kg).
When the �2-antagonist is given, postoperative analgesia is di-
minished. Rapid arousal to the antagonist suggests that xylazine
is most likely responsible for residual anesthetic effect during re-
covery following continuous infusion of triple drip.

Triple drip used for cesarean section provides excellent relax-
ation and analgesia. Piglets are only minimally depressed.
Clearly, neonatal depression is directly related to the total dose of
triple drip prior to fetal delivery. Surgical speed is of the essence.
Xylazine likely is responsible for neonatal respiratory depres-
sion. This speculation is based on clinical observations that
piglets will quickly commence breathing after a small dose of an
�2-antagonist is administered. A minimal dose of doxapram (i.e.,
0.25 to 0.5 mg/kg) can also be used to stimulate breathing once
the airway is cleared.4

Medetomidine-Butorphanol-Ketamine
The intramuscular administration of MBK (atropine, 25 µg/kg,
and medetomidine, 80 µg/kg; combined with butorphanol, 200
µg/kg, and ketamine, 10 mg/kg) has also provided appropriate
anesthesia and analgesia for short-term surgical procedures in
pigs.37 Anesthesia induction is rapid and is sufficient to support
surgical procedures for at least 30 to 45 min. Recovery is gener-
ally smooth but can be effectively and quickly reversed with ati-
pamezole (240 µg/kg IM), if necessary. This combination was re-
portedly less cardiorespiratory depressive and more profoundly
analgesic than a combination consisting of xylazine (2 mg/kg),
butorphanol (200 µg/kg), and ketamine (10 mg/kg) given IM.
The loss of response to painful stimuli was greater with MBK
than with XBK. The authors suggest that MBK may be a supe-
rior drug combination for brief surgical analgesia/anesthesia.
This combination has also been used in potbellied pigs when
rapid recovery is desired.

Inhalation Anesthetics
The inhalants are safe anesthetics for swine other than for those
individuals susceptible to malignant hyperthermia. Because of
the equipment required for administration, inhalants can only be
used practically within hospitals. Halothane and isoflurane have
been the primary inhalants used in swine. Enflurane, an isomer
of isoflurane, is of limited use without appropriate premedica-
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Table 29.2. Doses of preanesthetic and anesthetic induction drugs used in potbellied pigs.65

Drug Dose (mg/kg) Route Comments

Preanesthetic drugs
Acepromazine 0.10–0.45 IM Slow onset of action, 20–30 min to peak effect; no analgesia; maximum 

dose, 15 mg
Xylazine 1.0–2.0 IM Minimal sedation; may cause vomiting before surgery or during recovery; 

administer with atropine to block increased vagal tone; will offset
hyperalgesic effect produced by thiobarbiturates

Diazepam 0.5–1.0 IV Effective central muscle relaxant; high doses produce ataxia and 
4.0–8.0 IM recumbency

Fentanyl citrate and 1.0 mL/10 kg IM Administer with atropine 20–30 min before induction; excitement and 
droperidol goose-stepping may occur

Azaperone 0.23–2.5 IM Light sedation produced
Induction drugs
Ketamine 20 IM Poor analgesia and muscle relaxation
Tiletamine-zolazepam 4.4 IM Inadequate for intubation; rough recovery, characterized by vocalization, 

(Telazol) excessive salivation, and paddling motions
Thiobarbiturates

Thiopental or 10–20 IV Concentration should be 5% or less; administered one-half as rapid 
Thiamylal 6–18 IV bolus to unpremedicated pigs; supplemental doses prolong recovery

Injectable drug combinations
Acepromazine plus 0.5 IM Onset of recumbency within 5 min; unreliable; recovery in 65 to 80 min

Ketamine 15.0 (given 20 min 
after acepromazine 
injection)

Diazepam plus 1.0–2.0 IM Analgesia not as profound as with xylazine-ketamine; smooth recovery; 
Ketamine 10–18 mix together in one syringe

Xylazine plus 2.2 IM Mix together in one syringe to administer; good induction combination; 
Tiletamine-zolazepam 4.4 intubation easily performed; acceptable short-term anesthesia with 

(Telazol) smooth recovery
Atropine plus 0.044 IM Similar to the xylazine-tiletamine-zolazepam combination; smooth 

Xylazine plus 4.4 recovery in 2 h
Tiletamine- 6.0
Zolazepam (Telazol)

Xylazinea 1 mL/75 kg IV Anesthesia can be maintained with 0.5 mL/75 kg IV; must be given 
Ketamine slowly (over 60 s) to minimize respiratory depression
Tiletamine-
Zolazepam (Telazol)
Xylazinea 1 mL/25 kg IM Good induction combination; intubation possible; recovery smoother 

Ketamine than tiletamine-zolazepam alone; 80-min duration
Tiletamine-
Zolazepam (Telazol)

Atropine plus 0.025 IM Mix together in one syringe; rapid induction of anesthesia and good 
Medetomidine plus 0.08 analgesia; suitable for minor surgery; duration approximately 30–45 
Butorphanol plus 0.2 min; recovery smooth and rapid but can be reversed with atipamezole 
Ketamine 10.0 (0.24 mg/kg IM)

Xylazine 2.20 IV Mix together in one syringe; suitable for short-term anesthesia and minor 
Ketamine 2.0 surgery; rapid and shallow breathing; duration approximately 20–30 min; 
Oxymorphone 0.075 smooth, rapid recovery; all doses may be doubled for administration IM

GKX for swine 0.5–1.0 mL/kg IV Decrease induction dose 50% if tranquilizer or sedative is administered; 
(triple drip)b (to induce); 2.0 administer atropine IM before induction; rapid recovery after discontin-

mL/kg/h to main- uing GKX infusion; recovery may be hastened by administration of 
tain anesthesia yohimbine (0.125 mg/kg IV)

Inhalation agents
Isoflurane To effect Inhalation Recommended for young or sick pigs; recovery rapid
Sevoflurane To effect Inhalation Recommended for young or sick pigs; recovery rapid

IM, intramuscularly; IV, intravenously.
aMake the combination by reconstituting tiletamine-zolazepam (Telazol) with 2.5 mL of ketamine (100 mg/mL) and 2.5 mL of xylazine (100 mg/mL). Each
milliliter of the resultant combination will contain 50 mg of tiletamine, 50 mg of zolazepam, 50 mg of ketamine, and 50 mg of xylazine.
bThe solution contains 50 mg/mL of glycerol guaiacolate, 2 mg/mL of ketamine, and 1 mg/mL of xylazine. The combination should be mixed in the desired
quantity immediately before use, because of the potential diminished potency of the mixture during storage. The concentration of drugs in this mixture varies
among species.
From Wertz and Wagnert.65



tion. High inspired concentrations of enflurane can cause a sei-
zurelike response.

Desflurane is an isomer of isoflurane and is nonflammable. It
is more volatile than either halothane or isoflurane. Because of
this physical characteristic, it requires a special vaporizer for its
administration. These vaporizers are extremely expensive and
limit desflurane’s use primarily to people and possibly swine re-
search. Because its solubility in blood is much lower than that of
the other halogenated drugs, induction of anesthesia and recov-
ery are very rapid and depth can be readily regulated. In swine,
desflurane’s minimal alveolar concentration (MAC) is some-
where between 8% and 10%.

Isolated perfused-lung studies have shown that halogenated
anesthetics decrease pulmonary vasoconstrictor response to alve-
olar hypoxia. The results of studies in intact animals have been
less convincing. More importantly, sevoflurane at a clinical dose
(1 MAC) had no clinically significant effect on hypoxic-
pulmonary vasoconstriction in anesthetized piglets.38 This sug-
gests that, at clinical doses, sevoflurane and likely other inhalants
are extremely safe to use in healthy swine.

In some circumstances, nitrous oxide (N2O) can be used to en-
hance the effects of other inhalants (e.g., halothane and isoflu-
rane). Normobaric extrapolation studies reveal that an inspired
concentration of nearly 200% would be required for complete
anesthesia in swine.39 The requirement for high concentrations of
N2O to decrease the inhaled concentration of the major anes-
thetic can aggravate hypoxic conditions. Rapid movement of
N2O from the blood to the alveoli at the termination of anesthe-
sia, when the pig is permitted to breathe ambient air, can also
cause diffusion hypoxia. Thus, to avoid this potential complica-
tion, pigs should be permitted to breathe a high concentration of
oxygen for 5 to 10 min after discontinuing N2O administration.

Isoflurane has a broad safety margin. It is more insoluble in
blood and tissue than is halothane. This physical property is
highly desirable because it produces a more rapid induction and
recovery. The anesthetic depth is easily regulated. Both inhalants
quickly cross the placental barrier and depress the fetus.
Isoflurane is more desirable when performing cesarean section.
After delivery and once breathing is initiated, piglets rapidly
eliminate isoflurane from body tissues. CNS depression disap-
pears rapidly. Although halothane is less expensive, the recovery
time of neonates is longer. Because of their high vapor pressures,
newer inhalants should be administered only from equipment de-
signed specifically for their use. Their high vapor pressures and
relatively small safety margins prohibit use by the open-drop
method.

The physical characteristics of halothane and isoflurane are
similar enough that they may be administered from the same pre-
cision vaporizer designed specifically for either drug. For exam-
ple, isoflurane can be administered from a properly cleaned and
calibrated halothane vaporizer. Regardless of which anesthetic is
chosen, for adult swine it should be administered in oxygen from
a circle or a to-and-fro rebreathing system. Anesthetic machines
and delivery systems designed for people or small animals are
adequate for most adult swine weighing up to 150 kg, provided
the soda lime is fresh and actively absorbing CO2.

In sedated sows, anesthesia may be safely induced with an in-
halant and properly fitted nose cone. Generally, the machine is
set to deliver 4 to 8 L of oxygen and 3% to 5% isoflurane. When
anesthesia has been induced, the trachea should be intubated.
Oxygen flow and anesthetic concentration are gradually de-
creased. For maintenance, oxygen flow ranges from 1 to 3 L/min.
Halothane maintenance concentration ranges from 1.5% to 2.5%
(mean, 2%), whereas 2% to 3% isoflurane (mean, 2.5%) is usu-
ally required to maintain surgical anesthesia.

N2O can be used to speed induction of anesthesia. When N2O
is part of the anesthetic induction regimen, pigs are permitted to
breathe oxygen and either halothane or isoflurane via nose cone.
When signs of sedation appear (i.e., usually 3 to 4 min), N2O is
quickly entrained with oxygen so that it contributes 60% to 70%
of the fresh gas inflow (e.g., 2 L of oxygen and 4 L of N2O) into
the breathing system. Because of its high concentration gradient,
it moves rapidly from the alveoli to the bloodstream. This tech-
nique increases the alveolar concentrations of oxygen (i.e., ini-
tially, hyperoxic effect) and the primary anesthetic (e.g.,
halothane or isoflurane). This increase in concentration gradient
of the inhalant increases the rapidity of movement from the alve-
oli to blood and thus increases the induction speed. This phenom-
enon is referred to as the second gas effect. When induction is
complete, N2O delivery is either decreased to less than 70% of
total fresh gas flow or discontinued altogether.

Carbon Dioxide in Oxygen
CO2 in oxygen can be used to induce anesthesia effectively in
piglets. However, induction and surgical time should be re-
stricted to 10 min or less. Most veterinarians are concerned about
the humane treatment of all animals. For example, the processing
of piglets (i.e., castration, tail docking, and ear notching) in-
volves painful procedures. Because processed pigs are generally
destined for human consumption, the use of most injectable anes-
thetics is not approved to relieve pain associated with processing
procedures. Thus, when general anesthesia is used for this pur-
pose, it must be safe, simple, economic, effective, and leave no
tissue residues. Further, the anesthetic must have a rapid onset
and allow rapid recovery. An anesthetic technique using CO2 (a
natural body by-product of metabolism) and oxygen has been de-
veloped to meet these requirements: 50% oxygen and 50% CO2
(2 L/min oxygen and 2 L/min CO2) administered by nose cone
with a simple mechanical device is illustrated in Fig. 29.5. When
assessing this device in 34 piglets, the mean time to inducing un-
consciousness was approximately 31 s, whereas processing re-
quired 33 s. After CO2 was discontinued, recovery was complete
in 28 s. The time for induction processing and recovery was an
average of 92 s.40 The cost per piglet was less than 4 cents. This
same technique has proven effective and safe in other neonatal
species (e.g., lambs and kids).

In a later report, inhalation of CO2 (90%) for 60 s in piglets in-
duced anesthesia rapidly. Muscular response lasts for 13 to 30 s
during the induction process. CNS suppression lasts for approx-
imately 1 min after removal from CO2 inhalation. A study de-
signed to compare halothane 5% in oxygen and 80% CO2 in 20%
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oxygen revealed that anesthesia with the CO2-oxygen combina-
tion induced surgical anesthesia rapidly and safely. Castration
was performed without any reaction.41 However, the 50:50 com-
bination of CO2-oxygen each flowing at a rate of 2 L/min deliv-
ered via a tightly fitted mask appears to be a more rational and
safer use of CO2 for short-term anesthesia of piglets.

Xenon gas is known to have anesthetic properties in people. To
determine its efficacy and safety in swine, nine Pietrain, malig-
nant hyperthermia–sensitive swine, anesthetized with pentobar-
bital, were mechanically ventilated with 70% xenon for 2 h.42

Heart rate, mean arterial pressure, cardiac output, body tempera-
ture, arterial and mixed venous blood gases, plasma cate-
cholamines, and lactate were measured at 10-min intervals dur-
ing xenon-oxygen ventilation after a 30-min xenon-washout
period. This study next used halothane (1% inspired) and suc-
cinylcholine (3 mg/kg IV). During the xenon phase of the study,
no changes characteristic of malignant hyperthermia were ob-
served. In contrast, 20 min after administration of halothane and
succinylcholine, all swine developed a fulminating and fatal ma-
lignant hyperthermic episode. Clearly, xenon anesthesia does not
trigger malignant hyperthermia in susceptible swine. In contrast,
desflurane, inhaled in repeatedly increasing concentrations,
caused fulminating malignant hyperthermia in large white pigs
genetically selected for development of this condition.43

Less Commonly Used Injectable Drugs
Opioids
These have been used in swine as adjuncts with other drugs to in-
duce and maintain surgical anesthesia. They have also been used
as constant infusions for maintenance. The first commercially

available opioid drug combination was fentanyl and droperidol in
a concentration of 0.4 and 20 mg/mL, respectively (Innovar-Vet).
Pigs may become excited after Innovar-Vet injection. Salivation
is often excessive unless atropine has been given. A major prob-
lem with this combination is the difference in drug half-life be-
tween the two drugs. That of fentanyl is quite short, whereas that
of droperidol is rather long. Thus, the use of a specific opioid an-
tagonist (e.g., naloxone) is ineffective in shortening a prolonged
recovery because deep droperidol tranquilization often remains
after the action of fentanyl has waned. In such situations, pigs
may respond violently if a high degree of postoperative pain per-
sists. Innovar-Vet (1 mL/13 to 14 kg IM) combined with keta-
mine (11 mg/kg IM) will induce satisfactory anesthesia for 20 to
30 min in young swine.1,2,44

High-dose opioid infusion is commonly used for anesthesia in
cardiovascular research because opioids have minimal effect on
cardiovascular function.45,46 Fentanyl is most often used for this
purpose. In people, fentanyl can be administered IV in a wide
range of doses (50 to 150 µg/kg). Even with high doses, the he-
modynamic stability is excellent.29 Opioid anesthesia in swine
has been maintained with fentanyl at a constant infusion of 45 to
90 µg · kg�1 · h�1. The dose requirement in swine appears to be
larger than for humans and most other species.47 Fentanyl has
been safely administered at a dose as high as 200 µg/kg/h in pigs.

Mild tranquilization will generally prevent muscle rigidity
after an intravenous opioid bolus and before infusion is com-
menced. In people, chest muscle rigidity following fentanyl ad-
ministration is referred to as woody chest syndrome. Clinical ex-
perience suggests this may also occur in swine. Severe muscle
rigidity can be completely eliminated by the use of a muscle
relaxant.

The two opioids most commonly used in swine are buprenor-
phine and fentanyl. Buprenorphine can be dosed at 0.01 mg/kg
IV or IM to provide analgesia for 6 h, whereas a dose of 0.02
mg/kg IV or IM provides analgesia for up to 12 h. Significant
analgesia is generally not observed with doses less than 0.01
mg/kg.48 Although buprenorphine is effective for controlling
pain following surgery, its efficacy in ameliorating pain associ-
ated with chronic inflammation, organ failure, or systemic dis-
ease is questionable. Transdermal fentanyl patches may also be
used for postoperative analgesia in swine. Serum concentrations
of fentanyl reach a maximum of 0.5 to 1.5 ng/mL by 36 to 48 h
after applying a patch designed to deliver 50 or 100 µg of fen-
tanyl per hour.49,50 The 50-µg/h patch (but not the 25-µg/h patch)
provided postoperative analgesia comparable to buprenorphine
given at 0.01 mg/kg IM for 3 to 4 days.50 Buprenorphine is gen-
erally recommended when short-term analgesia is needed. Since
buprenorphine must be redosed every 8 to 12 h, fentanyl patches
are preferred when longer pain control is necessary (e.g., after a
thoracotomy).

Generally speaking, an opioid antagonist should be given only
when an opioid severely depresses ventilation. In most instances,
an agonist-antagonist (e.g., butorphanol or nalbuphine) can be
given to restore ventilation while retaining some degree of anal-
gesia.51 The half-life of nalbuphine in people ranges from 3 to 6
h. However, fentanyl respiratory depression reversed by nalbu-
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Fig. 29.5. Schematic drawing illustrating a device used to adminis-
ter a 50:50 carbon dioxide–oxygen mixture to anesthetize piglets. The
device uses a combination regulator-flowmeter to deliver gas flows to
an anesthetic mask. Line pressures of 50 psi and flow rates of 1 L/min
each of oxygen and carbon dioxide are adequate for rapid anestheti-
zation of piglets, relieving pain associated with piglet processing
(e.g., castration, tail docking, and ear notching). From Thurmon and
Benson.4



phine antagonism has been reported to recur in 2 to 3 h.29 A sim-
ilar situation could be expected in swine following butorphanol
administration after long-term fentanyl infusion. Naloxone (0.5
to 2 mg/kg IV or IM) effectively antagonizes the residual effects
of fentanyl.

Propofol
This is an isopropylphenol derivative administered only intra-
venously. This nonbarbiturate is supplied in an aqueous solution
of 10% soybean oil, 2.5% glycerol, and 1.2% purified egg phos-
phatide in a concentration of 10 mg/mL.52 The drug is approxi-
mately twice as potent as thiopental and perhaps half as potent as
methohexital. In people, consciousness returns more rapidly after
a single injection or a constant infusion than with either thiamy-
lal or thiopental. The residual CNS effect is less than that of the
barbiturates. The clearance from plasma at a rate greater than the
hepatic blood flow suggests that tissue sequestration plays an im-
portant role in its short duration of action.29 Propofol is often de-
scribed as a hypnotic offering only minimal analgesia. As a re-
sult, it is generally used for anesthesia induction or combined
with a strong analgesic (e.g., an opioid or �2-adrenoceptor ago-
nist). Propofol has been used in combination with azaperone and
thiopental in pigs, but none of these drugs provide good analge-
sia. When propofol is used alone as an induction agent in dogs,
the dose ranges from 6 to 8 mg/kg IV. Rapid injection may cause
apnea. In swine, deep sedation can be maintained with a constant
infusion of 4 to 10 mg · kg�1 · h�1. Propofol infused at a rate of
12 mg · kg�1 · h�1 did not trigger malignant hyperthermia in sus-
ceptible swine.53

Cardiovascular studies have been performed in piglets after the
administration of propofol at 7.5, 15, and 30 mg · kg�1 · h�1.54

Mean arterial pressure decreases approximately 25% with no
dose difference. Heart rate and left ventricular pressure were un-
changed from control. Propofol appears to be a relatively safe
hypnotic for use in newborn piglets. Because propofol has such
a minimal influence on heart function, a combination of low
doses of propofol and fentanyl may be a useful anesthetic in
neonatal pigs.

Medetomidine (20 to 40 µg/kg) and propofol (2 to 4 mg/kg) in-
duces a light plane of anesthesia in 30- to 60-kg pigs. Xylazine
(1 to 2 mg/kg) appears to be a reasonable substitute for medeto-
midine. Neither medetomidine nor xylazine are as effective in
swine as they are in most other species. When combined with
propofol, though, �2-agonists provide a degree of analgesia com-
mensurate with a light plane of anesthesia. Because propofol
does not have a preservative, the possibility of bacterial contam-
ination is a real threat if the entire vial is not used soon after
opening. A scrupulously sterile technique must be used after the
heat-sealed vial has been opened. If the drug is to be stored for
later use, complete sterility is essential.

Alphaxalone and Alphadalone (Saffan)
Saffan is a neurosteroid anesthetic that has been used in swine for
some time in Europe and Canada. Anesthetic response to this
drug combination is brief, lasting only 10 to 15 min when a dose
of 5 to 6 mg/kg is injected IV. The dose can be decreased by ad-

ministering xylazine (1 to 2 mg/kg IM) or azaperone (4 mg/kg
IM). The latter will prolong recovery time. Saffan anesthesia may
be prolonged by repeated intravenous injection of doses ranging
from 2 to 4 mg/kg. This drug combination has been used without
incident in swine susceptible to malignant hyperthermia.
Alfaxan-CD (hydroxypropyl–beta-cyclodextrin [HPCD]) has re-
cently been introduced in Australia as an anesthetic for use in
dogs and cats. This new neurosteroid preparation does not cause
histamine release because the carrier solution has been changed
from Cremaphor EL (a polyethoxylated castor oil) to a cyclodex-
trin.55

Etomidate
This is a carboxylated imidazole compound unrelated to other in-
jectable anesthetics. It is a relatively poor analgesic and muscle
relaxant, and is often classified as a sedative hypnotic when given
in low doses (e.g., 2 to 4 mg/kg). Etomidate maintains cardiovas-
cular stability but suppresses adrenocortical activity in people.56

It does not trigger malignant hyperthermia in susceptible
swine.57 Etomidate in clinically recommended doses causes he-
molysis in dogs.

When pigs have been sedated with either xylazine (1 to 2
mg/kg IM or IV) or azaperone (2 to 4 mg/kg IM), analgesia and
recovery time are prolonged after etomidate administration.
Azaperone premedication prolongs recovery more, but the de-
gree of analgesia is less than with the coadministration of xy-
lazine and etomidate. Etomidate induction (0.6 mg/kg IV) fol-
lowed by ketamine infusion at a rate of 10 mg · kg�1 · h�1 has
been used to maintain anesthesia in experimental swine.24

Metomidate
Metomidate (4 mg/kg IV), which is a hypnotic similar to etomi-
date, provides rather stable cardiovascular function. In Europe, it
has often been used in combination with azaperone (2 to 4 mg/kg
IM) to anesthetize swine. Azaperone is given as a preanesthetic,
and metomidate is used to maintain anesthesia by repeat injec-
tion at 15- to 30-min intervals.58 The metomidate dose can be
doubled to prolong anesthesia. Under such circumstances, it
must be administered slowly to prevent apnea. Anesthesia with
minimal analgesia has been maintained by continuous infusion
of azaperone (2 mg · kg�1 · h�1) and metomidate (8 mg · kg�1 ·
h�1). Metomidate (15 mg/kg) has also been given by intraperi-
toneal injection.1 However, because this route of administration
is often accompanied by peritonitis and intra-abdominal adhe-
sions, peritoneal injections are discouraged and should no longer
be recommended. Because metomidate provides poor analgesia,
a local analgesic (e.g., lidocaine), an �2-agonist, or an opioid is
often administered concomitantly with metomidate and azaper-
one.

�-Chloralose
This drug has been used exclusively in the research laboratory. It
is a poor analgesic, and hypnosis is usually accompanied by
spontaneous leg movement. Blood pressure is unchanged or in-
creased. Heart rate is usually increased, and respiratory depres-
sion does not occur until large doses are administered. 
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�-Chloralose is relatively insoluble, and onset of effect is slow,
requiring approximately 15 to 20 min. �-Chloralose (55 to 86
mg/kg) can be combined with morphine (0.3 to 0.9 mg/kg) to im-
prove overall anesthesia. However, continuous limb paddling still
often occurs in pigs given this drug combination. Ketamine (5 to
10 mg/kg IV or IM) and butorphanol (0.5 mg/kg IV or IM) can
also be combined with �-chloralose in an effort to enhance the
overall anesthetic and analgesic actions of this drug.1

Malignant Hyperthermia
It was not until the early 1970s that E. W. Jones reported the oc-
currence of an unusual metabolic condition in swine.59 Prior to
that report, healthy swine leaving the farm for market by truck
and arriving dead were diagnosed as having soft watery pork
(i.e., pale soft exudative pork) syndrome. As people and swine
with the disease were observed more closely, the condition later
became known as malignant hyperthermia. The condition is
characterized by striated muscle deterioration. Since that time,
pigs with this genetic peculiarity have been identified in most
swine breeds. Malignant hyperthermia has also been diagnosed
in other species, including dogs, horses, cats, birds, deer, and
other wild animals. In wild species, the syndrome is frequently
referred to as capture myopathy. However, of all the mammalian
species, malignant hyperthermia is most commonly encountered
in swine.

Malignant hyperthermia is most prevalent in individuals of
breeds having a high ratio of muscle to total body mass and rapid
growth.60,61 Breeding for these market characteristics appears to
have played a major role in increasing swine’s predisposition to
developing malignant hyperthermia. The breeds most frequently
carrying this genetic alteration are Pietrain, Landrace, spotted
swine, large white, and Hampshire (not necessarily in this order).
Although malignant hyperthermia may occur in other breeds, the
incidence is encountered less frequently in the Duroc breed.62 In
highly susceptible individuals, malignant hyperthermia may be
triggered by the stress of restraint for blood sampling, castration,
and other processing procedures in market swine. Malignant hy-
perthermia has been observed in young boars pursuing gilts that
were unreceptive to breeding, particularly under hot summer
conditions. Individuals arising from parentage with a strong in-
herent predisposition to malignant hyperthermia were very com-
mon at one time, particularly in the Landrace breed.

Malignant hyperthermia in swine is caused by an inherited au-
tosomal recessive disorder that causes a single amino-acid muta-
tion in the porcine ryanodine receptor 1 gene (RYR1). This ryan-
odine receptor is a calcium-release channel, and susceptible
swine are not capable of controlling calcium efflux from inside
the sarcoplasmic reticulum.63 With the advent of rapid genetic
testing to detect the presence of this gene in swine, the incidence
of malignant hyperthermia has declined dramatically, although it
is still present in the domestic swine population.

The incidence of malignant hyperthermia in potbellied pigs is
unknown. It can be expected to be small or nonexistent because
this breed has a high ratio of fat to body mass. Potbellied pig
deaths attributed to this condition may actually be caused by the

stress of restraint. Halothane anesthesia in thousands of potbel-
lied pigs over the last 2 decades has not uncovered a single death
that could be attributed to malignant hyperthermia. Presently,
anesthetic-related deaths attributed to MH in this species of
swine appear to be speculative.

The occurrence of malignant hyperthermia is associated with a
sudden increase in muscle oxygen requirement and, thus, lactate
production. Body temperature increases, as does respiration rate.
Metabolic acidosis is accompanied by muscular contraction, sym-
pathetic activation, and increased muscle cellular permeability.
Initially, serum magnesium, calcium, phosphorus, and potassium
ion concentrations are increased. These changes are followed by
a decrease in serum potassium and calcium ion concentrations.
Myoglobinuria often appears shortly thereafter if the affected an-
imal does not succumb.

Clinically, the syndrome in swine is characterized by rapid
onset of tachycardia, hyperthermia, muscle rigidity (i.e., activa-
tion of limb extensor muscles), tachypnea progressing to dysp-
nea, and finally apnea. A rapidly increasing end-tidal CO2 con-
centration is the most revealing clinical sign of impending
malignant hyperthermia. In the later stages of the syndrome,
tachycardia is accompanied by dysrhythmias that lead to brady-
cardia and finally cardiac arrest. Current findings indicate that
metabolic status during malignant hyperthermia is characterized
by an increased oxygen demand ischemia of the heart and skele-
tal muscle. Insufficient coronary blood flow and increased me-
tabolism as a result of tachycardia and increased concentrations
of catecholamines are dominant factors contributing to the dra-
matic alteration in cardiac performance during porcine malignant
hyperthermia.64 When tachycardia is accompanied by malignant
arrhythmias, treatment success is unlikely. Most patients will die
regardless of treatment.

In susceptible swine, clinical signs appear shortly after expo-
sure to halothane. An exception to this occurs when swine have
been given a phenothiazine tranquilizer (e.g., acetylpromazine)
and anesthesia is induced with a thiobarbiturate (e.g., thiopental).
Under such circumstances, the onset is delayed when anesthesia
is continued with a halogenated hydrocarbon (e.g., halothane) or
a halogenated ether (e.g., isoflurane). However, malignant hyper-
thermia may occur in susceptible swine when the effects of the
tranquilizer and/or the barbiturate have waned. Thus, it is impor-
tant to understand that time of onset of the syndrome is influ-
enced by drugs used in various anesthetic regimens and is not
always an acute response to halothane or succinylcholine admin-
istration. Succinylcholine injected into susceptible swine can
easily trigger the syndrome, whereas nondepolarizing muscle re-
laxants (e.g., pancuronium) are less likely to do so.

Prevention and Treatment
The drug used most commonly to prevent and treat malignant hy-
perthermia in swine is dantrolene (Dantrium, 2 to 5 mg/kg IV).
This muscle relaxant is also an antipyretic. It suppresses calcium
ion release but does not appear to inhibit uptake of calcium by
muscle tissue cells. Even though it acts directly within muscle
cells, its depressant effect on respiratory muscle function is min-
imal. The use of dantrolene has proven to be a valuable prophy-
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lactic treatment for malignant hyperthermia in susceptible swine
and people.

Dantrolene is dosed orally (5 mg/kg) 8 to 10 h prior to surgery.
There is evidence that the drug should be repeated (3 to 5 mg/kg
IV) preoperatively and postoperatively should surgery be pro-
longed. When a known triggering drug has been used to maintain
anesthesia (e.g., halothane or isoflurane), the patient should be
monitored closely for 1 day postoperatively.

Symptomatic treatment includes rapid termination of the in-
halant, changing of the anesthetic machine rubber goods (i.e.,
hoses and rebreathing bag), or switching to a clean machine for
administering 100% oxygen, procaine (1 to 2 mg/kg IV), intra-
venous corticosteroids, sodium bicarbonate (2 to 4 mEq/kg IV) if
severe metabolic acidosis is present, and body cooling. Whole
body cooling may be achieved with an ice water–alcohol mixture
and cold fluids IV, orally, or by infusion per rectum.

Anesthetic drugs least likely to trigger malignant hyperthermia
in susceptible swine include thiopental, propofol, etomidate,
metomidate, and epidural anesthesia. In highly susceptible swine,
restraint for intravenous or epidural drug injection can precipitate
the syndrome. In susceptible swine, preanesthetic medications
(e.g., acetylpromazine) known to inhibit the malignant hyperther-
mia syndrome should be administered IM prior to anesthesia
induction.
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Introduction
Anesthesia of laboratory animals provides some unique chal-
lenges to veterinary anesthetists. In addition to working with less
familiar species, the constraints of particular research projects
may limit the anesthetic and analgesic options available. Some of
the anesthetic regimens proposed by investigators may be unfa-
miliar to anesthetists who have worked only in a clinical environ-
ment; for example, the use of chloralose or urethane. Finally, the
duration of anesthesia required may range from a matter of sec-
onds (e.g., for blood sampling) to several days for some neuro-
physiological studies. Although these factors may seem daunt-
ing, the involvement of veterinary anesthetists in this field is

essential if we are to help promote both high standards of anes-
thesia and high standards of animal welfare. Many laboratory-
animal facilities employ veterinarians specialized in laboratory-
animal medicine, and it is always advisable to contact them prior
to offering advice or becoming directly involved in providing as-
sistance to a research group.

Selecting an Anesthetic Regimen
In addition to the usual factors to be considered when selecting
an anesthetic regimen, a further issue when working with labora-
tory species is the potential interactions between the anesthetic
and the particular research protocol. It is important to discuss the
proposed anesthetic regimen with the research group concerned
and try to indicate any specific pharmacological properties of the
anesthetic that are likely to be relevant. This may require a de-
tailed literature search. A variety of strategies may be needed to
identify relevant information—note that some product develop-
ment work will have been conducted in laboratory species, but
that the agent may be referred to by its original manufacturer’s
drug identifier (e.g., propofol as ICI 35 168). If it is determined
that interactions could occur, it is important to place them in the
overall context of the research protocol. In addition, do not over-
look the importance of high standards of perioperative care and
minimizing the general effects of anesthesia. These include res-
piratory depression, producing hypoxia, hypercapnia, and acido-
sis; cardiovascular depression with reduction in cardiac output
and alterations in organ blood flow; and depression of ther-
moregulation, causing hypothermia and consequent changes in
metabolism and cardiovascular function.

If an animal is undergoing surgical procedures, then the effects
of surgical stress are almost unavoidable and will have profound
and long-lasting effects on the animal’s metabolism and en-
docrine system.1

General Considerations
The majority of laboratory animals will be young, healthy adults,
although in some circumstances animals with intercurrent dis-
ease will be encountered. Laboratory-facility veterinarians
should be able to provide information on the health status of the
animals and the incidence of clinical and subclinical disease.
Most facilities require that animals undergo a period of acclima-
tization, usually for 1 to 2 weeks, prior to their use in research
procedures. This provides an excellent opportunity for habitua-
tion to handling and restraint. It also provides time for the anes-
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thetist and the animal-care staff to assess the behavior and tem-
perament of animals, perform a general clinical examination, and
obtain background data such as growth rate and food and water
consumption. This information is of considerable value when as-
sessing postoperative recovery. Some basic biological data are
provided in Tables 30.1 and 30.2.

Rodents and Rabbits
Small rodents and rabbits do not vomit, so there is generally no
need to withhold food or water prior to anesthesia. Withholding
food from small rodents for prolonged periods can be detrimen-
tal because it can predispose them to hypoglycemia. Rabbits and
guinea pigs are more likely to develop postoperative gastroin-
testinal disturbances if food is withheld. In anesthetized guinea
pigs, small quantities of food are often found in the mouth, but
this is not prevented by withholding food.

Nonhuman Primates
Both Old World and New World primates may vomit during in-
duction or recovery from anesthesia, so withdrawal of food for 8
h and water for 2 to 3 h preoperatively is advisable. Note that
these animals may eat bedding or other material in their cages, so
withdrawing food does not guarantee an empty stomach.

Preanesthetic Medication
Rodents and Rabbits
Since anesthesia in rodents is often induced by using an anes-
thetic chamber, or by using an injection of drugs by the intraperi-
toneal or subcutaneous routes, preanesthetic medication is not
often given. In rabbits, induction with a volatile agent delivered
via a face mask may be considered, but a sedative agent (e.g., di-
azepam or acepromazine) should be administered because ani-
mals often find this procedure stressful.2,3 Even when volatile
agents are not used, since rabbits are easily stressed when han-
dled and restrained, use of sedatives or tranquilizers can have sig-
nificant benefits. Administration of the drug before removal from
the animal’s home cage or pen is advisable. Suitable agents are
listed in Table 30.3. Preanesthetic sedation may also be consid-
ered advisable if isoflurane is to be administered to guinea pigs,
because this agent appears to be an irritant in this species.

When only immobilization is required, rather than anesthesia,
high doses of some of the agents listed in Table 30.3 may be ef-
fective, but often low doses of anesthetic combinations (e.g., ke-
tamine-medetomidine) are more useful.

Preanesthetic medication with an analgesic may be advisable in
all of these species, as part of a perioperative pain-management

regimen (see the section on Effective Pain Control), and dose rates
of suitable analgesics are listed in Table 30.4.

As in other species, atropine or glycopyrrolate can be admin-
istered to reduce bronchial and salivary secretions, although this
is rarely needed in rodents that are free of respiratory infection.
However, these agents may be useful in protecting the heart from
vagal inhibition caused by some surgical procedures (e.g., han-
dling of the viscera, or carotid cannulation that may involve di-
rect vagal manipulation). It is advisable to use glycopyrrolate in
rabbits because atropine is often relatively ineffective in this
species.4

Nonhuman Primates
The use of preanesthetic medication in Old World primates
(macaques and baboons) has been considered essential because
of concerns for the safety of the staff involved. However, the
change in emphasis in husbandry techniques so that primates are
well socialized and may accept intravenous injection increases
the anesthetic options that can be selected. If animal-care staff
advises that chemical restraint is needed, then ketamine can be
administered to immobilize an animal so that it can then be han-
dled safely. Drug administration may be facilitated by use of a
cage design that allows the animal to be confined for injection, or
the animal can be trained to stand and accept the injection. As an
alternative to the dissociative anesthetics, sedatives and tranquil-
izers can also be used in nonhuman primates, but these are not al-
ways effective in preventing aggression. Medetomidine should
be used with great care in nonhuman primates because its seda-
tive effects are less predictable and some animals may suddenly
become alert and bite their handlers. When combined with keta-
mine, animals are immobilized and a medium plane of anesthe-
sia is produced.5 As in other species, atipamezole can be admin-
istered to reverse the effects of medetomidine. Although the
effects of ketamine still remain, recovery is generally rapid.

The use of ketamine in New World monkeys such as mar-
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Table 30.1. Physiological data for rodents and rabbits.

Mouse Rat Rabbit Guinea Pig Hamster Gerbil

Adult body weight (g) 025–400 300–500 2000–6000 700–1200 085–150 085–150
Body temperature (°C) 37.5 38 38 38 37.4 39
Respiratory rate (breaths/min) 080–200 070–115 040–600 050–140 080–135 90
Heart rate (beats/min) 350–600 250–350 135–325 150–250 250–500 260–300

Table 30.2. Physiological data for nonhuman primates.

Marmoset Rhesus Macaque

Average adult body weight 500 g 8–12 kg
Body temperature (°C) 38.5–40.0 039
Respiratory rate (breaths/min) 50–70 035
Heart rate (beats/min) 225 150
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Table 30.3. Preanesthetic agents for use in rodents and rabbits.

Drug Species Dose Rate Effect

Acepromazine Rat, guinea pig 2.5 mg/kg IP or SC Sedation, but still active
Mouse, hamster, gerbil 3–5 mg/kg IP or SC
Rabbit 1 mg/kg SC or IM Sedated, often immobilized

Acepromazine + butorphanol Rabbit 0.5 mg/kg + 1.0 mg/kg Sedation, often immobilized, some analgesia
IM or SC

Atropine Mouse, hamster, gerbil, 40 µg/kg SC or IM Reduced bronchial and salivary secretions, 
rat, guinea pig inhibits vagal responses, ineffective in many 

rabbits
Diazepam Mouse, hamster, gerbil, 5 mg/kg IP Sedation

guinea pig
Rat 2.5 mg/kg IP
Rabbit 1–2 mg/kg IM

Glycopyrrolate Rabbit 0.01 mg/kg IV or 0.1 Reduced bronchial and salivary secretions, 
mg/kg SC or IM inhibits vagal responses

Innovar-Vet (fentanyl-droperidol) Rabbit 0.22 mL/kg IM Sedation and analgesia; often sufficiently 
immobilized for minor surgical procedures

Mouse 0.5 mL/kg IM
Hamster 1.5 mL/kg IM
Guinea pig 0.4 mL/kg IM

Hypnorm (fentanyl-fluanisone) Mouse, hamster, gerbil, 0.5 mL/kg SC or IP Sedation and analgesia; often sufficiently 
rat, guinea pig immobilized for minor surgical procedures

Rabbit 0.3–0.5 mL/kg SC or IM
Medetomidine Mouse, hamster, rat 30–100 µg/kg SC or IP Sedation and some analgesia, immobilized at 

Rabbit 100–500 µg/kg SC or IP higher dose rates
Midazolam Mouse, hamster, gerbil, 5 mg/kg IP Sedation

guinea pig
Rat 2.5 mg/kg IP
Rabbit 1–2 mg/kg IM

Xylazine Mouse, hamster, rat 5 mg/kg SC or IM Sedation and some analgesia, immobilized at 
Rabbit 2.5 mg/kg SC or IM higher dose rates

IM, intramuscularly; IP, intraperitoneally; IV, intravenously; SC, subcutaneously.

Table 30.4. Suggested analgesic dose rates for rodents and rabbitsa.

Analgesic Mouse Rat Rabbit Guinea Pig Hamster Gerbil

Buprenorphine 0.1 mg/kg SC 0.01–0.05 mg/kg 0.01–0.05 mg/kg 0.05 mg/kg SC 0.1 mg/kg SC 0.1 mg/kg SC
per 6–12 h SC per 6–12 h SC

Butorphanol 2 mg/kg SC per 4 h 2 mg/kg SC per 4 h 0.1–0.5 mg/kg SC 2 mg/kg SC ? ?
Carprofen 10 mg/kg SC 5 mg/kg SC 4 mg/kg SC once 2.5 mg/kg ? ?

daily or 1.5 
mg/kg PO daily

Flunixin 2.5 mg/kg SC 2.5 mg/kg SC 1.1 mg/kg SC ? ? ?
twice daily twice daily twice daily

Meloxicam 5 mg/kg SC 1–2 mg/kg SC or 0.2 mg/kg SC ? ? ?
per 4 h 4 mg/kg PO daily

Morphine 2–5 mg/kg SC 2–5 mg/kg SC per 2–5 mg/kg SC  2–5 mg/kg SC ? ?
4 h or IM per 4 h or IM per 4 h

Oxymorphone ? 0.2–0.3 mg/kg SC 0.1–0.2 mg/kg IM ? ? ?
or IV

Pethidine 10–20 mg/kg SC 10–20 mg/kg SC 10 mg/kg SC or 10–20 mg/kg ? ?
or IM per 2–3 h or IM per 2–3 h IM per 2–3 h SC or IM

IM, intramuscularly; IV, intravenously; PO, per os (orally); SC, subcutaneously.
aDose rates are based largely on uncontrolled clinical trials and a limited range of procedures and so are likely to be subject to revision. A “?” indicates that
information is insufficient to make a firm recommendation of an appropriate dose.



mosets has been associated with muscle damage. This is proba-
bly related to the low pH of ketamine (3 to 4) and its injection
into the relatively small muscle mass of these animals. Similar
effects have been seen in small rodents. Although an even larger
volume of injectate is required, alphaxalone-alphadolone is well
tolerated and appears to be nonirritant. It produces deep sedation,
and additional drug can be given intravenously to deepen anes-
thesia.6,7 Dose rates of suitable agents are listed in Table 30.5.

Special Considerations with Other Species in
a Research Environment
Cats
Cats should be well socialized and thus easy to restrain for intra-
venous administration of anesthetic agents. They may resent in-
sertion of over-the-needle catheters and may struggle in response
to venipuncture. This can be avoided by using local anesthetic
cream as shown in Fig. 30.1.8 This mixture of lignocaine and
prilocaine produces full-skin-thickness anesthesia, but requires
45 min to 1 h of contact time and needs to be covered with a
dressing. An alternative approach is to administer a sedative.

Dogs
Early socialization of laboratory-bred dogs is important, because
they will then be easy to handle and restrain for injection of anes-
thetics. Like cats, they may resent insertion of over-the-needle
catheters and may struggle in response to venipuncture. Use of

EMLA Cream (lidocaine 2.5% and prilocaine 2.5%) can prevent
discomfort during venipuncture or catheter placement. Alterna-
tively, a range of different sedatives can be administered as pre-
anesthetic medication.

Pigs
Laboratory-bred pigs (usually minipigs) should have been social-
ized to be accustomed to human contact. They can be readily
trained to accept some degree of restraint, enabling intramuscu-
lar injection of a sedative combination to immobilize them. If
trained to accept restraint in a sling, then the ear can be anes-
thetized with EMLA Cream and a catheter placed for intravenous
induction of anesthesia (Fig. 30.2). Many pigs, particularly those
reared under farm conditions, may be apprehensive and difficult
to approach. Such animals should be immobilized or heavily se-
dated. Drug administration is easier if a long needle (3 to 4 cm)
is attached using extension tubing to a syringe so that, after the
catheter is placed, the drug can be injected without the need for
physical restraint of the animal.

Sheep
Few sheep are bred specifically for research purposes; after a few
weeks of acclimatization, however, they may become more
tractable and approachable than those housed on farms.

Handling, Restraint, and Routes of
Drug Administration
Small animals should be handled with care. Habituation to han-
dling during acclimatization will facilitate future restraint and re-
duce the stress to the animal and operator during the administra-
tion of anesthetics. It is important to make animals aware about
our intentions before attempting to handle them, especially if
they are asleep, in order to minimize stress and also avoid bite
injuries.
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Table 30.5. Preanesthetic agents for use in nonhuman primates.

Drug Species Dose Rate

Alphaxalone-alphadolone Marmoset 12–18 mg/kg IM
Ketamine Rhesus macaque 05–25 mg/kg IM

IM, intramuscularly.

Fig. 30.1. Application of local anesthetic cream (EMLA Cream;
AstraZeneca, London) to the skin overlying the cephalic vein of a cat.
Local anesthetic cream should be applied 45 min to 1 h prior to
venipuncture.

Fig. 30.2. Placement of an over-the-needle catheter into the ear
vein of a pig. A local anesthetic cream may be applied to the ear 4
min to 1 h prior to venipuncture.



Anesthetics or analgesics may cause discomfort, irritation,
and/or ulceration of the skin, mucous membranes, vascular en-
dothelium, or muscles if they are irritant (e.g., low or high pH),
cold (straight from the refrigerator) and/or administered by an in-
appropriate route (e.g., pentobarbital by intramuscular route).

Intravenous injection or placement of intravenous catheters for
anesthetic administration in conscious rodents may be challeng-
ing even for experienced operators. The use of physical methods
(e.g., restraint tubes) or volatile anesthetics for induction may
provide the desired restraint to facilitate this task (Fig. 30.3).

Rodents
The intraperitoneal route of administration is the easiest ap-
proach for small rodents, because larger amounts of fluids may
be administered. However, errors during administration by this
route are quite common (e.g., intravisceral, subcutaneous, or ad-
ministration into the adipose tissue).9 Such errors may cause
organ damage or delayed onset of action of the anesthetic agent.
Injections are usually made into the left lower abdominal quad-
rant. Rodents are restrained in dorsal recumbency, as shown in
Fig. 30.4.

Most of the commercially available analgesic and anesthetic
agents are available in high concentrations, so that only very
small volumes would be required for injection in small rodents.
Precise dosing is easier if insulin syringes (50 IU, 0.5 mL) are
used. Alternatively, a commercial preparation can be diluted to
provide a more accurately administered volume. For intravenous
administration, butterfly needles or over-the-needle catheters
with or without extension sets may be used for initial induction
and anesthetic maintenance by infusion, as shown in Fig. 30.5.

Hamsters
Animals can be held in both hands, immobilizing the head to
avoid being bitten (Fig. 30.6). Alternatively, grasp the loose skin
around the neck and back region firmly (Fig. 30.7). The saphe-
nous vein may be used for intravenous administration. For other
routes, see Table 30.6.

Gerbils
Gerbils are generally easy to handle and can be scooped into the
palm of a hand. Alternatively, they can be picked up gently at the
base of the tail, but grasping the distal end of the tail might de-
tach skin. Gerbils dislike being picked up and turned onto their
backs. The lateral tail or saphenous veins may be used for intra-
venous administration. For other routes of administration, see
Table 30.6.

Guinea Pigs
Guinea pigs are easily lifted by grasping them gently around the
thorax and shoulders with one hand while supporting the hind-
quarters with the other hand (Fig. 30.8). Aural, saphenous, or pe-
nile veins (only under anesthesia) may be used for intravenous
administration. For other routes, see Table 30.6.
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Fig. 30.3. Rodent restraint tubes. Mice and rats may be placed in
these tubes to facilitate venipuncture. Fig. 30.4. Intraperitoneal injection of a rat. The rat is restrained in

dorsal recumbency by an assistant. An injection is made into its lower
left abdominal quadrant.

Fig. 30.5. An anesthetized rat with an over-the-needle catheter
placed in its lateral tail vein.



Mice
Mice are not as easily habituated to restraint as other rodents, and
there are great variations between different strains. Some are rel-
atively docile and easy to catch, whereas others may be ex-
tremely active. Mice are usually grasped by the base of the tail
and lifted from the cage (Fig. 30.9). When placed on a nonslip
surface such as a cage lid or laboratory coat, they can be grasped
by the loose skin overlying the animal’s back, with the tail re-
strained between the operator’s fingers (Fig. 30.10). This form of
restraint is particularly suitable for intraperitoneal, intramuscular,
and subcutaneous administration of drugs. For administration de-
tails, see Table 30.6.

Rats
The easiest and most humane way to lift a rat is with one hand
supporting the hind quarters and the other hand supporting the
head, with the thumb under the foreleg and mandible (Fig. 30.11).
Rats can be grasped using the loose skin overlying the neck and
back, if necessary. For administration details, see Table 30.6.

Rabbits
Gently approach the rabbit in the cage or floor pan and grasp the
skin of the neck and back firmly, supporting the abdomen and
hind legs with the other hand (Fig. 30.12). When carrying rab-
bits, the head is kept between the arm and the chest of the han-
dler (Fig. 30.13). Wrapping the rabbit in a towel or a purpose-
designed restraint device may facilitate handling and is particu-
larly helpful when performing intravenous injections (Fig.
30.14). For administration details, see Table 30.6.

New World Primates (Marmosets and
Tamarins)
If well socialized, these animals can be easily restrained for mask
induction of anesthesia or for intramuscular or subcutaneous ad-
ministration of drugs. Intravenous administration, using the lat-
eral tail vein, requires firm restraint and is often easier after ad-
ministration of a sedative or tranquilizer. If animals resent
restraint, they may bite, so protective gloves may be required to
protect the operator (Fig. 30.15).
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Fig. 30.6. Hamster restraint. The hamster is held in both hands with
its head immobilized.

Fig. 30.7. Hamster restraint. The hamster is grasped firmly by the
loose skin around its neck and back.

Table 30.6. Routes of injection for rodents and rabbits.

Needle
Injection Site Species Location Size (Gauge) Precautions

Intramuscular Rodents Quadriceps or posterior thigh muscles 25–27 Muscle mass is very small, avoid 
sciatic nerve

Rabbits Quadriceps, dorsal lumbar, or posterior 24–27 Avoid sciatic nerve
thigh muscles

Intravenous Mice and rats Lateral tail or saphenous vein 24–28
Rabbits Marginal ear vein, cephalic or saphenous vein 23–25 Use a local anesthetic cream (EMLA 

Cream) prior to injection
Subcutaneous Rodents Interscapular or inguinal region 21–25 Highly viscous liquids may cause 

discomfort and are difficult to
inject

Rabbits Interscapular or flanks 21–25



Old World Primates (Rhesus Macaques and
Baboons)
If well socialized, these animals may be restrained by their famil-
iar handler to enable intramuscular injections (into the quadri-
ceps) or intravenous administration (into the saphenous or
cephalic veins). Animals that are apprehensive or resent handling
should be sedated using ketamine. Face-mask induction of anes-
thesia or intravenous administration of anesthetics can then be
performed more easily.

Inhalational Anesthetic Agents
Diethyl Ether
This anesthetic, which was widely used in laboratory rodents,
was delivered in a simple apparatus, with liquid anesthetic placed
on a swab in an anesthetic chamber. These delivery systems pro-
vided no consistency in terms of induction concentration, and the
agent itself has been shown to be irritant and stressful.10 It has
now largely been replaced with other agents that are delivered
using more controlled methods. In addition to animal-welfare
considerations, ether is explosive when mixed with oxygen or air.

Halothane
This can be used to provide safe and effective anesthesia in most
laboratory species. Its effects on the cardiovascular and other
body systems are broadly similar to those seen in companion and
farm animals. In guinea pigs, it has been reported to cause he-
patic injury,11 although it is well tolerated in this species, in con-
trast to isoflurane and sevoflurane. Halothane is often preferred
to isoflurane for neurophysiological studies (e.g., the electroen-
cephalograph) because halothane’s effects on some central ner-
vous system activity at comparable planes of anesthesia are less
pronounced.12

Isoflurane
This is now one of the most widely used inhalational agents for
laboratory animals. Its popularity has been enhanced by its rela-
tive lack of metabolism. It is therefore thought to be less likely to
interfere with drug pharmacokinetic and pharmacodynamic stud-
ies in anesthetized animals and less likely to have longer-term ef-
fects as a result of induction of liver microsomal enzyme sys-
tems. It is important to emphasize to research workers that other
factors, such as changes in regional blood flow as a result of
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Fig. 30.8. Guinea pig restraint. The guinea pig is grasped gently
around its thorax and shoulders with one hand while the other hand
supports its hindquarters. Fig. 30.9. Mouse restraint. The mouse is grasped by the base of

its tail.



isoflurane administration, also can influence their studies. How-
ever, the rapid induction and recovery from anesthesia and ease
of change of anesthetic depth make it suitable for both very short
term and long term anesthetic protocols in a range of different
species. As in companion animals, isoflurane can be combined
with other agents (e.g., alfentanil) to provide a balanced anes-
thetic regimen with reduced nonspecific effects on body systems.

Desflurane
This has not been extensively used in laboratory species, al-
though details of minimum alveolar concentration (MAC) and
other characteristics of this agent are available.13 It has similar
effects in laboratory species as in companion animals and can be
used to provide stable anesthesia with rapid induction and recov-
ery. It appears to be better tolerated for anesthetic induction in
rabbits than are other volatile agents.3

Sevoflurane
Use of sevoflurane is limited at present, but its popularity is
likely to increase as it becomes more widely available in veteri-
nary clinical practice. In addition, the speed and quality of induc-
tion and recovery and the ability to rapidly adjust anesthetic
depth make it an attractive agent for a range of different studies.
In guinea pigs, it appears to have much more variable effects than
in other rodents. High concentrations may be required to main-
tain a surgical plane of anesthesia, and high mortality has been
reported.

Nitrous Oxide
As in other animal species, nitrous oxide cannot produce anes-
thesia when used alone because its MAC value exceeds 100%. It
can be used as part of a balanced anesthetic regimen to reduce the
concentration of other anesthetic agents required. However, since
MAC in small rodents exceeds 200%, the effects are relatively
small. Since nitrous oxide is not absorbed by activated charcoal
gas–scavenging units, it may be more convenient to avoid its use

772 ● Anesthesia, Analgesia, and Immobilization of Selected Species and Classes of Animals

Fig. 30.10. Mouse restraint. The mouse is placed on a cage lid and
then grasped by the loose skin overlying its back.

Fig. 30.12. Rabbit restraint. The rabbit is initially grasped by the
skin of its neck and back.

Fig. 30.11. Rat restraint. The rat is grasped with one hand support-
ing its hindquarters and one hand supporting its head, with the thumb
under its foreleg and mandible.



altogether. In specific circumstances, for example, during pro-
longed anesthesia for neurophysiological studies, where the ef-
fects of anesthetic agents can be critical, its small contribution to
depth of anesthesia and analgesia can be significant.

Delivery Systems
A major advantage of using volatile anesthetics in small mam-
mals is the ease of administration using an anesthetic-induction
chamber (Fig. 30.16). Ideally, chambers of different sizes should
be available (e.g., for animals weighing less than 100 g and for
animals weighing up to 1 kg). To reduce the period of involun-
tary excitement during induction, the chamber should be filled
rapidly, with the maximum safe induction concentration of the
agent. Since all anesthetic vapors are heavier than air, the anes-
thetic gas should be introduced at the bottom of the chamber and

excess gas ducted from the top. After loss of consciousness, the
animal can then be removed from the chamber, and maintained
by using a face mask, at a reduced concentration of agent. Pro-
viding effective gas scavenging when a face mask is being used
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Fig. 30.13. Rabbit restraint. The rabbit is carried with its head be-
tween the handler’s arm and chest.

Fig. 30.14. Rabbit restraint. The rabbit is wrapped in a surgical
drape to facilitate venipuncture.

Fig. 30.16. Rodent anesthetic chamber (available from Harvard
Instruments, South Natick, MA). This particular design enables effec-
tive scavenging of waste anesthetic gases.

Fig. 30.15. Marmoset restraint. The handler is wearing protective
gloves.



can be difficult, but several systems are available commercially
that assist with this, for example, the double-mask system.

Anesthesia can also be induced by face mask, and this can be
a rapid and convenient technique when using sevoflurane in rats
and mice. As mentioned earlier, volatile anesthetics generally
provoke a breath-holding response in rabbits that is often associ-
ated with violent struggling unless preanesthetic agents are
given. After sedation, the animal should be observed carefully
during administration of the anesthetic and the mask removed
briefly if breath holding occurs.

Nonhuman primates and other larger animals will generally be
heavily sedated or completely immobilized with preanesthetic
medication if a volatile agent is to be administered for anesthesia
induction.

Some laboratory-animal units are equipped to provide only air
as the carrier gas, and this is inadvisable. All of the currently
available agents produce some degree of respiratory depression,
but hypoxia can be prevented by delivery in oxygen. During re-
covery from anesthesia, oxygen should continue to be provided
until the animal has begun to regain consciousness. If this is not
done, then severe hypoxia can occur in some individuals.

Injectable Agents
Rodents and Rabbits
One noteworthy difference relating to the use of injectable anes-
thetics in small rodents in comparison to companion and farm an-
imals is the difficulty of intravenous access. This results in anes-
thetic combinations often being administered as single injections
by the intraperitoneal, subcutaneous, or intramuscular route,
rather than intravenously, to effect. Although this is a simple and
rapid means of producing anesthesia, it has inevitable conse-
quences in relation to the safety of certain anesthetic agents, es-
pecially those in which the anesthetic dose is close to the lethal
dose. Since there is considerable variation between different
strains of rodents in their response to anesthetic agents,14 anes-
thetic combinations that either have a broad safety margin or are
wholly or partially reversible are preferred.

The small body size and high metabolic rate of rodents can re-
sult in relatively high dose rates of some anesthetic agents being
required to achieve unconsciousness. When coupled with the rel-
ative lack of efficacy of agents such as ketamine, this can lead to
very high dose rates being administered (e.g., 100 mg/kg keta-
mine). Since the drug formulations for veterinary use are nor-
mally optimized to give convenient volumes for a dog or a cat,
the volume per kilogram of drug to be injected into a mouse can
be relatively very high, and, if given intramuscularly, can damage
tissue and cause pain on initial injection. Anesthetic combina-
tions that are most widely used in rodents and rabbits are dis-
cussed below, and suggested dose rates are listed in Table 30.7.

Ketamine cannot be used as the sole anesthetic agent in ro-
dents and rabbits, but when combined with sedatives such as ace-
promazine, or sedative analgesics such as medetomidine, varying
planes of anesthesia can be produced. In small rodents, combina-
tions with tranquilizers often produce only light anesthesia,
which is insufficient for surgical procedures, whereas combina-

tions with �2-agonists such as medetomidine and xylazine pro-
duce surgical planes of anesthesia. In contrast, in rabbits, combi-
nations of ketamine with acepromazine and diazepam often pro-
duce surgical planes of anesthesia. The likely effects of these
various combinations are also listed in Table 30.7.

The use of medetomidine or xylazine with ketamine has the
advantage that the sedative-analgesic component of the combina-
tion can be reversed with �2-antagonists such as atipamezole.
Since this anesthetic combination produces cardiovascular and
respiratory depression, in addition to other systemic effects such
as hyperglycemia and diuresis, it is strongly advised to adminis-
ter the antagonist as a routine. Reversing the �2-agonist will, of
course, reduce the level of postoperative analgesia provided, so
that additional agents (e.g., carprofen or buprenorphine) should
be administered, if this has not already been done.

In guinea pigs, the effects of ketamine and xylazine and/or
medetomidine are more variable, and surgical anesthesia may not
be produced.15 In all species, if the plane of anesthesia is insuffi-
cient, then administering additional doses of the combination
may have unpredictable effects. It is preferable to administer a
low concentration of an inhalant anesthetic (e.g., isoflurane) to
deepen anesthesia. This same approach can be used to prolong
the period of surgical anesthesia. As an alternative, the surgical
field can be infiltrated with local anesthetic. As in other species,
it is inadvisable to administer atropine routinely when using high
doses of �2-agonists. Severe hypertensive effects causing mortal-
ity have been reported in rats.

Tiletamine in combination with zolazepam (Telazol) has been
recommended as an anesthetic for use in rodents and rabbits. As
with ketamine–benzodiazepine combinations, the depth of anes-
thesia produced is not always sufficient to enable surgical proce-
dures to be undertaken. Combining the mixture with xylazine in-
creases anesthetic depth, but the effects are still variable.

Etorphine-methotrimeprazine (Immobilon), fentanyl-
fluanisone (Hypnorm), and fentanyl-droperidol (Innovar-Vet)
have all had their use in rodents and rabbits described.16,17 All of
these agents produce immobility and profound analgesia when
used alone, but also cause significant respiratory depression.
Fentanyl-fluanisone, when combined with midazolam or diaze-
pam, produces surgical anesthesia in all species. Attempts to de-
velop similar mixtures with the other commercially available
neuroleptanalgesic combinations have been less successful.18,19

Fentanyl-fluanisone-midazolam has the advantage that it can
be mixed and administered as a single injection, but the active
components must be diluted with sterile water before being com-
bined. The mixture is stable for several weeks, but on occasion
can crystallize. If this is noted, the mix should be discarded. The
fentanyl component can be reversed by using naloxone, but this
also reverses all analgesic effects of the combination. It is prefer-
able to reverse the fentanyl with a mixed agonist-antagonist such
as butorphanol, nalbuphine, or the partial agonist buprenor-
phine.20 This reverses any respiratory depression, although full
recovery may be prolonged because of the sedative effects of the
midazolam and fluanisone. Flumazenil will reverse the midazo-
lam, but its relatively short half-life means that resedation can
occur.
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Table 30.7. Anesthetic and related drugs for use in rodents and rabbitsa.

Anesthesia Sleep
Drug Dose Rate Effect Duration (min) Time (min)

Anesthetic and related drugs for
use in mice

Fentanyl-fluanisone and diazepam 0.3 mL/kg IM + 5 mg/kg IP Surgical anesthesia 30–40 120–240
Fentanyl-fluanisone and midazolamb 10 mL/kg IP Surgical anesthesia 30–40 120–240
Ketamine and medetomidine 75 mg/kg + 1 mg/kg IP Surgical anesthesia 20–30 60–120
Ketamine and xylazine 80 mg/kg + 10 mg/kg IP Surgical anesthesia 20–30 60–120
Tiletamine-zolazepam 80–100 mg/kg IM Immobilization 60–120
Tribromoethanol 240 mg/kg IP Surgical anesthesia 15–45 60–120

Anesthetic and related drugs for
use in rats

�-Chloralose 55–65 mg/kg IP Light anesthesia 480–600 Nonrecovery only
Chloral hydrate 400 mg/kg IP Light/surgical anesthesia 60–120 120–180
Fentanyl-fluanisone and diazepam 0.3 mL/kg IM + 2.5 mg/kg IP Surgical anesthesia 20–40 120–240
Fentanyl-fluanisone and midazolamb 2.7 mL/kg IP Surgical anesthesia 20–40 120–240
Ketamine and medetomidine 75 mg/kg + 0.5 mg/kg IP Surgical anesthesia 20–30 120–240
Ketamine and xylazine 75 mg/kg + 10 mg/kg IP Surgical anesthesia 20–30 120–240
Tiletamine-zolazepam 40–50 mg/kg IP Light anesthesia 15–25 60–120
Urethane 1000 mg/kg IP Surgical anesthesia 360–480 Nonrecovery only

Anesthetic and related drugs for
use in rabbits

Alphaxalone-alphadolone 6–9 mg/kg IV Light anesthesia 5–10 10–20
Fentanyl-fluanisone and diazepam 0.3 mL/kg IM + 2 mg/kg IP or IV Surgical anesthesia 20–40 60–120
Fentanyl-fluanisone and midazolamb 0.3 mL/kg IM + 2 mg/kg IM or IV Surgical anesthesia 20–40 60–120
Ketamine and acepromazine 50 mg/kg IM + 1 mg/kg IM Surgical anesthesia 20–30 60–120
Ketamine and medetomidine 15 mg/kg SC + 0.25 mg/kg SC Surgical anesthesia 20–30 90–180
Ketamine and xylazine 35 mg/kg IM + 5 mg/kg IM Surgical anesthesia 20–30 60–120
Propofol 10 mg/kg IV Light anesthesia 5–10 10–15
Thiopentone 30 mg/kg IV Surgical anesthesia 5–10 10–15

Anesthetic and related drugs for 
use in guinea pigs

Alphaxalone-alphadolone 40 mg/kg IP Immobilization 90–120
Fentanyl-fluanisone and diazepam 1 mL/kg IM + 2.5 mg/kg IP Surgical anesthesia 45–60 120–180
Fentanyl-fluanisone and midazolamb 8 mL/kg IP Surgical anesthesia 45–60 120–180
Ketamine and medetomidine 40 mg/kg + 0.5 mg/kg IP Moderate anesthesia 30–40 90–120
Ketamine and xylazine 40 mg/kg + 5 mg/kg IP Surgical anesthesia 30 90–120

Anesthetic and related drugs for 
use in hamsters

Fentanyl-fluanisone and midazolamb 4 mL/kg Surgical anesthesia 20–40 60–90
Ketamine and medetomidine 100 mg/kg + 0.25 mg/kg IP Surgical anesthesia 30–60 60–120
Ketamine and xylazine 100–200 mg/kg +10 mg/kg IP Surgical anesthesia 30–60 90–150

Anesthetic and related drugs for 
use in gerbils

Fentanyl-fluanisone and midazolamb 8 mL/kg Surgical anesthesia 20 60–90
Ketamine and medetomidine 75 mg/kg + 0.5 mg/kg IP Medium anesthesia 20–30 90–120
Ketamine and xylazine 50 mg/kg + 2 mg/kg IP Immobilization 20–60

IM, intramuscularly; IP, intraperitoneally; IV, intravenously; SC, subcutaneously.
aNote that considerable between-strain variation occurs, so dose rates should be taken only as a general guide.
bDose (mL/kg) of a mixture of 1 part Hypnorm (fentanyl-fluanisone) plus 2 parts water for injection, and 1 part midazolam (5-mg/mL initial concentration).



In rabbits, the combination is best administered separately—
fentanyl-fluanisone initially to produce sedation, analgesia, and
peripheral vasodilation. This makes placement of an intravenous
catheter, for example, in the marginal ear vein, simple and en-
ables slow intravenous administration of the midazolam to pro-
duce the desired effects.

In rats, rabbits, and guinea pigs, mixtures of potent opioids
(e.g., fentanyl or sufentanil) can be combined with medetomidine
or other �2-agonists to produce surgical anesthesia. In some in-
stances, the addition of a benzodiazepine improves the degree of
muscle relaxation.20 These combinations have the advantage that
they can be completely reversed by using specific antagonists.

Thiobutabarbital (Inactin) has been extensively used to pro-
vide medium-term to long-term anesthesia in rats. It is consid-
ered to have minimal effects on the cardiovascular system; in
many respects, however, it resembles other barbiturates, produc-
ing reduction in cardiac output and organ blood flows.21

Urethane is a hypnotic agent that produces long-lasting and
stable anesthesia with minimal cardiovascular and respiratory
system depression. Urethane provides good narcosis and muscle
relaxation, but the analgesic component may not be adequate. It
is commonly used in terminal experiments for central and periph-
eral neural function studies where reflex responses should be pre-
served. When administered intraperitoneally, the most common
route used, it has profound endocrine and metabolic effects, pro-
ducing superficial damage and necrosis of intra-abdominal or-
gans and massive leakage of plasma into the peritoneal cavity.22

The onset of the aforementioned effects is rapid. Similar effects
have not been observed when urethane was administered by sub-
cutaneously, intravenously, or intra-arterially. Urethane is a car-
cinogenic and potentially mutagenic anesthetic agent therefore it
should only be used if other suitable alternatives are not available
and only for terminal (non recovery) studies.

Chloralose is used to provide long-lasting anesthesia, particu-
larly in studies in which maintenance of cardiovascular responses
is required. �-Chloralose is a hypnotic, and the anesthesia depth
produced may be insufficient to enable surgical procedures to be
undertaken. Induction and recovery from chloralose are very pro-
longed, so the agent is normally used only for terminal proce-
dures. To avoid problems associated with a prolonged onset of
action, anesthesia is often induced using another agent (e.g., iso-
flurane). Following intravenous cannulation and any other surgi-
cal procedures, chloralose is then administered.

Although now rarely used in farm-animal anesthesia, chloral
hydrate, because of its minimal effects on the cardiovascular sys-
tem, is still used to anesthetize laboratory animals. It is also used
in neuropharmacology studies, because it is thought to have a re-
duced likelihood of interacting with other compounds. It pro-
duces medium-duration anesthesia. The anesthesia depth varies
between different strains of rodent and can be sufficient for sur-
gical procedures to be undertaken.23,24 In some strains of rat,
chloral hydrate can cause postanesthetic ileus, which can be
fatal.25 Using a dilute solution of chloral hydrate (36 mg/mL) can
reduce the incidence of ileus.

Tribromoethanol (Avertin) is a hypnotic that produces surgical
anesthesia in rats and mice that lasts approximately 15 to 20 min.

It has become extremely popular for anesthesia of mice for em-
bryo transfer and for the production of transgenic animals, and
has been reported to be safe and effective.26 However, if improp-
erly prepared or poorly stored, tribromoethanol can cause gas-
trointestinal disturbances. More recently, it has been reported
that tribromoethanol can cause low-grade peritoneal irritation,
even when correctly prepared and stored.27,28 In view of these
potential adverse effects, tribromoethanol is better replaced with
other anesthetic combinations.

Nonhuman Primates
A very extensive range of anesthetic agents can be used in these
species (Table 30.8). In most Old World primates, ketamine is ad-
ministered initially to provide restraint. It is then possible to
place an intravenous catheter and use an intravenous induction
agent such as propofol, thiopental, or alphaxalone-alphadolone.
Alternatively, anesthesia can be induced by using an inhalant
anesthetic delivered via face mask. All of the currently used in-
halant agents can be used safely and effectively in primate
species.

As with other species, balanced anesthetic regimens—for ex-
ample, ketamine as a preanesthetic medication, induction with
propofol, followed by maintenance with sevoflurane, perhaps to-
gether with an opioid infusion—can provide stable anesthesia for
many hours. However, body systems should be monitored care-
fully, and it is often advisable to intubate and assist ventilation if
opioid infusions are used.

As mentioned earlier, ketamine has been reported to cause mus-
cle necrosis in New World primates, so alphaxalone-alphadolone
can be used as an alternative. Anesthesia can be deepened by fur-
ther doses administered intravenously.7 Alternatively inhalational
agents can be used or propofol by continuous infusion.

Monitoring and Intraoperative Care
It is particularly important to provide high standards of perioper-
ative care with laboratory animals, since not only can problems
such as hypothermia prolong recovery, they cause widespread
physiological effects that may interfere with particular research
objectives. As in veterinary clinical practice, one staff member
may need to act as both anesthetist and surgeon, so detailed clin-
ical monitoring may be lacking. Use of electronic monitoring de-
vices can therefore be of considerable value. The type of moni-
toring used should be selected based on the species, duration of
anesthesia, type of surgery, and assessment of the degree of risk
of complications or emergencies. Use of such devices is straight-
forward in Old World nonhuman primates, rabbits, and other
large species, but is complicated by the small body size of other
laboratory species. Small size is associated with a rapid heart rate
(>300 beats/min) that may exceed the upper limits of some mon-
itors, and the low signal strength may not be detectable. In addi-
tion, small body size limits such procedures as invasive blood-
pressure monitoring and makes most noninvasive devices
ineffective. Some equipment is now available that can function
despite these problems, and routine electronic monitoring is be-
coming increasingly commonplace.
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Assessment of Respiratory Function
Clinical observation of respiratory rate and pattern is relatively
straightforward, but can be complicated by placement of surgical
drapes, especially in small rodents. In these smaller species, the
anesthetic circuit will not normally contain a reservoir bag, so
observation of bag movements cannot be used to monitor respi-
ration. Unfortunately, many electronic monitors do not respond
to the relatively small respiratory movements and low tidal vol-
umes, especially when used with animals weighing less than 200
g. In these small mammals, direct observation of respiratory rate
and pattern may be the only option available.

In common with other species, the pattern, rate, and depth of
anesthesia vary both with anesthetic depth and with the anes-
thetic regimen used. With inhalant anesthetics and the majority
of injectable regimens, respiratory rate falls. Typical respiratory
rates during anesthesia are 50 to 100 breaths/min for small ro-
dents and 30 to 60 breaths/min for rabbits. Since many of these
animals show a very marked stress-related tachypnea prior to in-
duction, assessment of the degree of respiratory depression
should either be based on estimates of normal resting rate (Table
30.1) or established by observing the animals preoperatively
when undisturbed. A reduction to less than 50% of the estimated
normal respiratory rate should cause concern. Gradual changes in
rate, rather than a sudden reduction, are more usual, so keeping
an anesthetic record is advisable.

The adequacy of oxygenation and heart rate can be assessed by
using a pulse oximeter, but the high heart rates in rodents may ex-
ceed the upper limits of the monitor. A monitor with an upper
limit of at least 350 beats/min is needed, and successful operation
may also depend on the type of probe used. It is advisable to try
several instruments, probes, and probe positions to find the most
reliable combination. In the authors’ experience, a signal can
usually be obtained from across the hind foot in rodents or across
the base of the tail. In rabbits, the toe, tail, tongue, and ear are
also useful. In particular, the use of an angled probe placed in the
mouth has proven particularly reliable.

End-tidal carbon dioxide is difficult to measure in small mam-
mals. The gas volume sampled by side-stream capnographs may
be very large in relation to the animal’s tidal volume, and main-
stream capnographs introduce too much equipment dead space
into the anesthetic-breathing circuit. In rabbits and Old World
primates, equipment designed for pediatric use in people usually
functions well (Fig. 30.17).

Maintenance of a patent airway may be assisted by placement
of an endotracheal tube, but the small size of many laboratory
species makes this technically difficult. Intubation of nonhuman
primates is relatively straightforward when using a small
Macintosh blade or other curved design. Alternatively, a Soper or
Wisconsin blade can be used to visualize the larynx (Fig. 30.18).
The animal can be positioned either in sternal recumbency or on
its back, depending on the preferences of the anesthetist. A
cuffed 4-mm tube can be placed in a 7- to 8-kg Rhesus monkey.
An introducer can be used to help pass the tube through the vocal
cords, and laryngospasm can be prevented by spraying the cords
with lidocaine. Stimulation of the larynx in a lightly anesthetized
animal can provoke violent coughing and occasionally vomiting,
so it is important to ensure that the animal is sufficiently deeply
anesthetized before intubation is attempted.

Rabbits can also be intubated relatively easily by using either
an otoscope to visualize the larynx or a blind technique. Prior to
intubation, the animal should breathe 100% oxygen for 1 to 2
min. Uncuffed endotracheal tubes should be used to maximize
the airway diameter; a 3- to 3.5-mm-diameter tube is usually
suitable for a 3- to 4-kg rabbit. Tubes with a diameter of less than
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Fig. 30.17. An anesthetized rabbit. There is a low dead-space con-
nector (Portex; Smiths Medical, Hythe, Kent, England) on the end of
the endotracheal tube, with a side-port connector for capnograph
connection.

Table 30.8. Anesthetics and related drugs for use in nonhuman primatesa.

Anesthetic and Related Agents Dose Rate Effect

Alphaxalone-alphadolone 10–12 mg/kg IV Surgical anesthesia
12–18 mg/kg IM Immobilization, anesthesia

Ketamine/diazepam 15 mg/kg IM + 1 mg/kg IM Surgical anesthesia
Ketamine/xylazine 10 mg/kg IM + 0.5 mg/kg IM Surgical anesthesia
Propofol 7.5–12.5 mg/kg IV Surgical anesthesia

IM, intramuscularly; IV, intravenously.
aNote that considerable between-animals and between-species variation occurs so dose rates should only be taken as a general guide.



2.5 mm are required for very small rabbits (<800 g), and these
should be purchased from specialist suppliers.

When an otoscope is used, the rabbit is positioned on its back,
its mouth opened, and its tongue pulled forward into the gap be-
tween the incisors and premolars, taking care not to injure the
tongue on the edges of the incisors (Fig. 30.19). The otoscope
speculum should be inserted into the gap between teeth on the
opposite side of the mouth to the tongue and advanced until the
end of the soft palate or the larynx is visible. In some animals,
the epiglottis will be positioned behind the soft palate, hiding the
larynx from view. To expose the larynx, the introducer is used to
reposition the epiglottis and soft palate. The larynx should then
be sprayed with local anesthetic. The introducer is then advanced
through the otoscope speculum, through the larynx, and into the
trachea. The otoscope is removed and the endotracheal tube
threaded onto the introducer and into the trachea. The introducer
is then withdrawn.

To place a tube using the blind technique, the rabbit is posi-
tioned on its chest, with its head and neck extended upward (Fig.
30.20). The endotracheal tube is introduced into the gap between
the incisors and premolars and advanced into the pharynx. When
the larynx is reached, some increase in resistance is felt. The tube

can then be advanced into the larynx and trachea—this is usually
accompanied by a slight cough. In some cases, the tube passes
into the esophagus and will need to be withdrawn and reposi-
tioned. Passage of the tube is often assisted by gently rotating it
through 45° as it is advanced into the larynx. The tube position
can be monitored by listening at the end of the tube—if breath
sounds can be heard, the tube is in the pharynx or the trachea. As
an alternative to intubation, a laryngeal mask can be used.29 This
technique is easier to master than endotracheal intubation, but as-
sisted ventilation may not be effective. If only oxygen supple-
mentation is required, a nasal catheter can be passed and posi-
tioned in the back of the pharynx.
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Fig. 30.18. An immobilized squirrel monkey with a view of its larynx
prior to intubation.

Fig. 30.19. Intubation of a rabbit’s larynx by using an otoscope. The
rabbit is in dorsal recumbency, and oxygen is administered for at
least 2 min through a face mask prior to intubation.

Fig. 30.20. Intubation of a rabbit by using the “blind technique.”
The rabbit is in ventral recumbency, and oxygen is administered for at
least 2 min prior to intubation. To intubate, the endotracheal tube is
placed in the rabbit’s mouth to the level of its larynx. On inspiration,
the endotracheal tube is gently advanced into the larynx in the direc-
tion of the loudest breath sounds.



Intubation of small rodents is made easier if a specialized ap-
paratus is used. A technique using a modified otoscope speculum
to visualize the larynx and an over-the-needle catheter as the en-
dotracheal tube is relatively easy to master. Although a variety of
other methods have been described, the modified otoscope (Fig.
30.21) enables rapid, atraumatic intubation and is supplied to-
gether with an instructional video.

After intubation, animals can be maintained on an appropriate
anesthetic circuit; for example, a purpose-made low-dead-space
T piece for small rodents, or a pediatric T piece or unmodified
Bain’s circuit for rabbits or nonhuman primates.

Assessment of Cardiovascular Function
Clinical monitoring of the cardiovascular system is difficult in
small rodents because of their size. Peripheral pulse is difficult or
impossible to palpate, and even when the thorax is palpated,
since heart rate is frequently greater than 250 beats/min, accurate
heart rate cannot be assessed. In rabbits and guinea pigs, the
chest can be auscultated, but this is difficult in smaller rodents.
An esophageal stethoscope can be used in rabbits. When using
electronic monitoring equipment, the upper rate limits (often 250
or 300 beats/min) are often exceeded, and some instruments will
not detect the low-amplitude electrocardiographic signal.

Other clinical assessments, such as use of capillary refill time,
are practicable and useful in rabbits and primates. In all species,
assessment of the color of the mucous membranes enables some
assessment of peripheral perfusion. Arterial blood pressure can
be measured by using noninvasive systems in nonhuman pri-
mates and larger rabbits or by using pediatric-sized cuffs or spe-
cially designed veterinary equipment. Blood pressure can be
measured in this way in rats, using a tail cuff, but special appara-
tus is required. Invasive blood-pressure monitoring is possible in
all species, but surgical exposure of the vessel is needed in ro-
dents, which tends to limit use of this technique to nonrecovery
procedures. In rabbits, an over-the-needle catheter can be placed

in the central ear artery, and, in primates, the femoral artery can
be catheterized by using a Seldinger technique.

Blood volume in all of these species is approximately 70
mL/kg of body weight, so small rodents will have very low total
blood volumes (e.g., 2 mL for a 30-g mouse). It is therefore crit-
ically important to minimize blood loss by careful surgical tech-
nique and to monitor blood loss by accurate weighing of swabs
and assessing other losses at the surgical site.

Thermoregulation
Small mammals have an increased surface area to body weight
ratio that results in rapid cooling during anesthesia. Maintaining
body temperature and careful monitoring to ensure this is being
achieved effectively are therefore critically important. Hypother-
mia can cause much delayed recovery from anesthesia and, if se-
vere, can cause cardiac arrest. Rectal temperature should be mon-
itored with an electronic thermometer. The probe size of less
expensive instruments is usually appropriate for animals weigh-
ing 250 g or more, but specialist instruments are needed for very
small rodents (e.g., mice and hamsters). To reduce loss, the area
of fur shaved during preparation of the surgical site should be
minimized, and use of skin disinfectants should be limited to the
minimum necessary to maintain asepsis. Animals should be
placed on a heating pad maintained at 37° to 39°C. It is impor-
tant that measures to maintain body temperature are continued
into the postoperative period.

Emergencies
All of the measures for coping with anesthetic emergencies ap-
plicable to companion animals can be used in laboratory species,
but as with many other techniques, small body size can limit or
complicate some of these procedures. To assist ventilation if an
animal has not been intubated, its head and neck should be ex-
tended, its tongue pulled forward, and its chest squeezed between
the anesthetist’s thumb and forefinger. If the tongue is difficult to
grasp, it can be rolled forward using a cotton-wool bud (Q-tip).
When an animal has been intubated, respiration can be assisted
relatively easily. Attempting to assist ventilation by using a face
mask is usually unsuccessful, but in small rodents a soft piece of
rubber tubing can be placed over the nose and mouth, and the
lungs inflated by gently blowing down the tube. Doxapram (5 to
10 mg/kg intravenously, intramuscularly, or subcutaneously) can
also be administered to stimulate ventilation. Oxygen should al-
ways be administered with doxapram administration if this is not
already being provided.

As mentioned earlier, since total blood volume is low in small
rodents, every effort should be made to minimize blood loss. If
fluid therapy is required, this can be delivered via an over-the-
needle catheter in the tail vein of rats, the medial tarsal vein in
guinea pigs, or the marginal ear vein, cephalic vein, or jugular
vein in rabbits. The cephalic or saphenous veins can be used in
nonhuman primates, and the lateral tail vein can be used in mar-
mosets. If whole blood is required, then a suitable donor may be
available in the research facility. All of the commonly available
fluid products can be administered safely to small mammals and
other laboratory species. In smaller rodents in which intravenous
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Fig. 30.21. A rodent workstand (available from Hallowell EMC,
Pittsfield, MA) designed to facilitate endotracheal intubation in mice
and rats.



access is not practicable, intraperitoneal or subcutaneous admin-
istration of warmed electrolyte solutions can slowly replace fluid
deficits, but will be of minimal benefit if rapid hemorrhage is oc-
curring. In these smaller species, placement of an intraosseous
catheter can provide an alternative route for fluid replacement. If
cardiac arrest occurs, external cardiac massage and emergency
drugs such as epinephrine can be used when attempting resus-
citation.

Postoperative Care
If possible, a separate recovery area should be provided, because
this makes it easier to provide an optimal environment during this
period. It also encourages individual attention and special nurs-
ing, if those are required.

Most of the commonly used anesthetics will continue to cause
some degree of respiratory depression in the immediate postop-
erative period. In addition to continuing to monitor respiratory
function, care must be taken that respiratory obstruction does not
occur. Small rodents and rabbits may attempt to hide and push
into the corner of a recovery cage, and this can result in airway
obstruction. Also, when allowed to recover in a group, rodents
may huddle together, which can decrease oxygen availability for
the animals at the bottom of the group. Although recovery is
often more rapid after use of inhalational agents, significant hy-
poxia (oxygen saturation of less than 70%) can occur, and this
should be prevented by maintaining the animal in an oxygen-
enriched environment, either by using a face mask or by deliver-
ing oxygen into the incubator until respiratory function is judged
to be normal.

It is also important that measures to maintain normal body
temperature are continued in the recovery period. This can often
be achieved by allowing small animals to recover in a pen or cage
in a recovery room (maintained at a high ambient temperature,
with supplemental heating of the cage as necessary) or inside an
incubator. A temperature of 25° to 30°C is needed for adult ani-
mals and 35° to 37°C for neonates. If an incubator is unavailable,
heating pads and lamps should be provided. Care must be taken
not to overheat the patient, and a thermometer should be placed
next to the animal to monitor the temperature in its immediate
environment.

During recovery from anesthesia, animals should be provided
with bedding, such as synthetic sheepskin (Fig. 30.22). If this is
not available, then toweling or a blanket should be used. Sawdust
or wood shavings are unsuitable because this type of bedding
will often stick to an animal’s eyes, nose, and mouth. Tissue
paper is often provided as bedding for small rodents, but it is rel-
atively ineffective because animals usually push it aside during
recovery from anesthesia and end up lying in the bottom of a
plastic cage soiled with urine and feces.

Drinking water should be available, but care must be taken that
this not be spilled, because, if the animal’s skin becomes wet, it
will lose heat rapidly. Small rodents are usually accustomed to
using water bottles, so this is rarely a problem, but it can present
difficulties with rabbits, guinea pigs, ferrets, and larger species.

It may also be judged necessary to provide fluid therapy post-

operatively. This can be given by intravenous infusion in larger
animals, but it is most convenient in small rodents to give
warmed (37°C) subcutaneous or intraperitoneal dextrose-saline
at the end of surgery (Table 30.9).

Food should be provided for most laboratory species immedi-
ately after they regain consciousness. Animals should be encour-
aged to eat as soon as possible, and this can often be achieved by
providing highly palatable foods. A mash made by soaking pel-
leted diet in warm water is often rapidly consumed by small ro-
dents, providing both additional fluid as well as food intake.

When monitoring the recovery of nonhuman primates, an ad-
ditional concern is ensuring the safety of staff because of the po-
tentially serious consequences of being bitten by a primate. The
use of propofol sedation during recovery, so that animals can be
allowed to regain consciousness in a controlled manner, can be
helpful. After completion of surgery, the anesthetic (e.g., isoflu-
rane) is discontinued and recovery of reflexes monitored. After
return of the pedal withdrawal response and increase in jaw tone,
propofol can be administered intravenously to deepen anesthesia
slightly. Having produced a stable plane of light anesthesia, the
animal either can be extubated when jaw tone returns or moved
from the operating area to its recovery cage. Deep sedation or
light anesthesia can be continued with incremental doses of
propofol. The intravenous catheter can then be removed and the
animal allowed to recover completely. Recovery from propofol is
normally smooth, rapid, and associated with a less prolonged pe-
riod of ataxia than is, for example, isoflurane. An alternative is
either to maintain the primate on sevoflurane or to switch to this
agent at the end of surgery. In our experience, recovery from this
agent is smooth and rapid.

Pain Assessment
If analgesics are to be administered appropriately, then it is es-
sential that attempts are made to assess the severity of postoper-
ative pain. Only when this is done can one determine whether an
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Fig. 30.22. Rats recovering from anesthesia in an incubator. Rats
are provided with dry synthetic bedding.



appropriate dose of analgesic has been administered. Pain assess-
ment is also essential to judge whether an appropriate type of
analgesic has been selected, when to repeat dosing, and when to
discontinue therapy.

Unfortunately, assessing pain in laboratory species is difficult.
At present, the only practical option may be to judge the likely
pain intensity based on the type of surgery and skill of the sur-
geon and use this to formulate an analgesic protocol. As with
anesthesia selection, the aims of the particular research project
should be considered when selecting the analgesic. Attempts
should still be made to assess pain, and, since this is a rapidly de-
veloping field, it is important to continue to monitor the scientific
literature for new information. Analgesic efficacy clearly varies
considerably between different strains of rodents,30 and this rein-
forces the need for pain-scoring systems.

At the time of writing, pain-scoring schemes have been devel-
oped for rats, following abdominal surgery.31 In this species, back
arching, contraction of the abdominal muscles, staggering and
falling (not related to anesthetic recovery), and twitching of the
skin overlying the back and abdomen all appear to be pain related.
If more than one or two back arches, abdominal contractions, or
staggers are seen in a 5-min period, then additional analgesia may
be required. Illustrative material is available from www.digires.
co.uk. In mice, similar behaviors have been noted (S. Wright-
Williams, personal communication), as has a reduction in normal
activities such as climbing (A. Karas, personal communication),
but these behaviors have not yet been developed into a formal
pain-scoring system. Some rabbits also show abdominal contrac-
tions after laparotomy, but changes in postoperative behavior in
this species appear to be much more variable and to be markedly
inhibited in some animals by the presence of an observer.
Virtually no information is available regarding pain-related be-
havior in guinea pigs, hamsters or gerbils, or nonhuman primates.

In rats and probably other small rodents, analgesic efficacy can
be assessed retrospectively by evaluating food and water intake
and body weight. Body weight, food intake, and water intake de-
creases after many types of surgery in several different strains of
rat, and administration of analgesics reduces this effect.32,33

However, changes are not always consistent, particularly in juve-
nile animals.34

Pain Alleviation
Since all of the analgesic agents available for use in animals and
people have been developed and tested for safety and efficacy in
laboratory animals, likely effective doses can be suggested for

most agents. However, the assessments of efficacy made during
drug development are often based on tests that rely on acute
painful stimuli (e.g., brief noxious heat or pressure). These differ
from clinical pain. The dose rates suggested in Tables 30.4 and
30.10 are based on clinical experience, published data that incor-
porated a means of assessing postoperative pain, or data from
analgesimetric assays, such as the late-phase formalin test, that
are believed to be more relevant to clinical pain.35

Nonsteroidal Anti-inflammatory Drugs
All of the nonsteroidal anti-inflammatory drugs (NSAIDs) avail-
able for use in animals or people can be administered to labora-
tory species. The general considerations related to their use in
other species apply equally to laboratory species; however, since
most laboratory animals undergoing surgery are young, healthy
adults, concerns related to preexisting disease are often minimal.
Of the agents available, the oral preparation of meloxicam is of
particular value because it is highly palatable to many small ro-
dents and to nonhuman primates, particularly if added to a fa-
vorite foodstuff. The duration of action of NSAIDs in rodents
and rabbits is uncertain, but carprofen and meloxicam appear to
have duration of at least 8 and possibly 24 h.

Opioids
These are effective at alleviating postoperative pain, but some
species-specific side effects have been reported. In nonhuman
primates, butorphanol has been reported to cause a relatively
greater degree of respiratory depression than occurs in other
species.5 Buprenorphine causes very little depression of respira-
tion at clinically relevant dose rates, so is recommended as the
partial agonist of choice in nonhuman primates. Opioids may
also cause sedation or excitement, with their effects varying con-
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Table 30.9. Volumes of fluid for administration to rodents and rabbitsa.

Route Mouse Rat Rabbit Guinea Pig Hamster Gerbil

Intraperitoneal (mL) 2 5 50 20 3 2–3
Subcutaneous (mL) 1–2 5 30–50 10–20 3 1–2

aVolumes are suggested rates for adult animals. All fluids should be warmed to body temperature prior to administration.

Table 30.10. Suggested analgesic dose rates for nonhuman
primates (marmosets and rhesus macaques)a.

Analgesic Dose Rate

Buprenorphine 0.005–0.01 mg/kg IM or IV, per 6–12 h
Carprofen 2–4 mg/kg SC per 24 h
Meloxicam 0.1 mg/kg PO per 24 h

IM, intramuscularly; IP, intraperitoneally; IV, intravenously; SC, subcuta-
neously.
aDose rates are based largely on uncontrolled clinical trials and a limited
range of procedures and so are likely to be subject to revision.



siderably in different animal species. The effects on behavior
also depend on the drug dose that has been administered.
Morphine sedates rats, but produces excitement in mice and, at
high doses, a characteristic elevated and rigid tail (the Straub tail
response). Although an effective analgesic, buprenorphine use in
some strains of rat in some research institutes has been reported
to cause pica, manifested as compulsive eating of bedding mate-
rial. This is most severe when inappropriately high drug doses
are administered,36 but can also be seen at lower dose rates.
Although the problem can be prevented by housing the animals
on grid floors,37 it may represent abdominal discomfort or nau-
sea, so, if seen, an alternative analgesic should be used for that
particular strain of animal. This side effect does not occur consis-
tently, and, in view of the prolonged duration of action and safety
of buprenorphine, this analgesic is often considered the opioid
analgesic of choice in rats and other laboratory species.35 A sug-
gested analgesic dose of buprenorphine for use in nonhuman pri-
mates is listed in Table 30.10.

Effective Pain Control
Whatever the choice of analgesic regimen, it is important to ad-
minister sufficient drug to relieve pain effectively. If pain is not
controlled effectively as rapidly as possible, such control can be-
come progressively more difficult to achieve. This is one reason
why preoperative administration of analgesics before elective sur-
gery is advocated. In addition to providing more effective pain re-
lief, it also may reduce the dose of anesthetic required. Experience
with small rodents and rabbits has shown that the use of buprenor-
phine in this way enables the concentration of isoflurane or
halothane needed for surgical anesthesia to be reduced by 25% to
50%. Care should be taken when using injectable anesthetics ad-
ministered intraperitoneally or intramuscularly. As discussed ear-
lier, in these circumstances the dose of anesthetic cannot be ad-
justed to meet individual requirements, and it is clear that opioids
can potentiate the effects of anesthesia.38 In view of the difficulty
of adjusting the dose of injectable anesthetic, it is probably better
to administer opioid analgesics postoperatively. When using neu-
roleptanalgesics, the opioid component will provide analgesia that
can conveniently be partially reversed with the administration of
buprenorphine or butorphanol. The latter opioid provides better
reversal, but has a short duration of action, so either an additional
dose should be given, or it should be combined with a NSAID.

As in other species, in many circumstances combinations of
different agents can be particularly effective: for example, local
nerve block at the time of repair of a thoracotomy, coupled with
the administration of systemic opioids and NSAIDs, followed by
repeated administration of opioids and NSAIDs, as required.39

As the degree of pain subsides, the opioids can be reduced and
pain controlled solely with NSAIDs. Suggested NSAID dosages
for use in nonhuman primates are listed in Table 30.10.

Anesthesia of Neonatal Rodents
Neonatal rodents can be safely and effectively anesthetized with
inhalant anesthetics, such as isoflurane.40 The majority of in-

jectable anesthetics may be associated with a high mortality, but
fentanyl-fluanisone can be used in neonatal and juvenile rats.41

Hypothermia is still used as an anesthetic technique in some re-
search laboratories. Reducing body temperature to around 4° to
5°C by placing newborn rodents in a refrigerator or on crushed
ice immobilizes them and slows their cardiac and respiratory
function to virtually undetectable levels (Fig. 30.23). At these
temperatures, nerve conduction is slowed or completely blocked,
so that it is assumed that surgery can be performed without the
animals experiencing pain or distress.42 The technique remains
controversial, but mortality is low when this approach is used. In
the authors’ opinion, this approach should be used only when al-
ternative methods have been shown to be unsuitable.

Fetal Surgery
The majority of descriptions of fetal surgery rely on anesthesia of
the mother to produce sufficient anesthesia in the fetus, although
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Fig. 30.23. A rat pup placed on a gauze swab with crushed ice.



it may also be useful to infiltrate the surgical site in the fetus with
local anesthetic to prevent movement in response to surgery. The
fetus probably cannot perceive pain,43 but nociceptor activation
may produce changes in the central nervous system that can alter
pain perception after birth or otherwise alter development.44 It is
therefore recommended that local anesthesia be used in the fetus,
and that anesthetic regimens that cross the placenta be used in the
mother.
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Introduction
This chapter reviews anesthesia and immobilization of a wide
array of selected species commonly found in zoos and wildlife
parks, as well as a number of exotic species that have a special
role in either animal agriculture or as companion animals. In
some instances, species have been included in this chapter be-
cause of the unique challenges they present when endeavoring to
capture or anesthetize them either in the wild or captured envi-
ronment.

Flying Mammals: Bats
Bats should be handled with thick leather gloves to prevent one
from being bitten.1 Bats harbor a number of viruses that can
cause human illnesses and even death. Therefore, sedation and
anesthesia are recommended if extensive handling is necessary.
Fruit bats (Eidolon helvum) have been sedated with a phenothi-
azine tranquilizer (intramuscular [IM] chlorpromazine, 2.5
mg/100 g). After the tranquilizer has taken effect, the bat can be
mounted on a restraining board with wings extended and an in-
halant anesthetic administered by mask. Other methods of chem-
ical restraint include IM xylazine (2 to 3 mg/kg) administration,
which will provide 30 to 40 min of sedation. Ketamine can be
given IM at a dose of 10 to 20 mg/kg along with this dose of xy-

lazine to provide more complete immobilization with muscle re-
laxation and a quiet recovery. Medetomidine (50 µg/kg IM) has
also been combined with ketamine (5 mg/kg IM) for short-term
immobilization. Telazol (tiletamine-zolazepam) may be a good
alternative for injectable immobilization at an IM dose of 8 to 10
mg/kg.2 Intraperitoneal (IP) pentobarbital injection at a dose of
0.05 mg/g of body weight has been used in a number of genera
of bats (Rhinolophus, Hipposideros, Tadarida, Molussus,
Eptesicus, Chilonycteris, and Artibeus) to implant electrodes sur-
gically on the round window of the cochlea or in the brain.
Smaller doses (0.03 to 0.045 mg/g) have been used for Myotis lu-
cifugus and Pleocotus townsendii.3,4

Isoflurane or sevoflurane delivered by mask or into an induc-
tion chamber can be safely used to anesthetize bats. Following
mask induction, megachiropterous can be intubated (2- to 3-mm
internal diameter [ID]) to maintain anesthesia. When intubating
bats, care must be taken to avoid lacerations from teeth and di-
rect contact with saliva. Intravenous (IV) access is feasible via
the brachial vessels overlying the distal humerus.2

Terrestrial Mammals
Armadillos
There are ten living genera of armadillos. Dasypus novemcinctus,
the most common, weighs 4 to 5 kg as an adult. Armadillos
should be caught close to the base of the tail to avoid the hind
claws. Because armadillos can incur a large oxygen debt, they
may lie completely still without breathing for long periods.
Armadillos also have the ability to recover spontaneously from
repeated episodes of ventricular fibrillation.5 Anesthetics may be
administered into the subcarpal tissues or the spinal muscles by
inserting a needle between two bands slightly to one side of the
midline. The site should be thoroughly cleansed to avoid danger
of abscess formation.

Neuroleptanalgesic combinations (e.g., fentanyl-droperidol,
0.20 to 0.25 mL/kg IM) appear to produce sufficient depression
and analgesia for surgery.6 Longer procedures have been per-
formed with slow IV infusion of thiopental.7 Infused over a pe-
riod of 1 h, 5 mL of 0.5% solution is adequate and safe for most
adults. The usual dosage is 5 to 6 mg · kg�1 · h�1. Alternatively,
pentobarbital (25 mg/kg IV) has been administered via the super-
ficial femoral vein.8 Half the dose is given rapidly, followed by
the remainder to effect. Apnea and breath holding are not re-
ported to be a problem with this technique. Injections can be
made into the two prominent superficial femoral veins. The
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femoral vein is the only accessible superficial vein that can be
easily catheterized. Midline cesarean section has been performed
with local infiltration of lidocaine.

Telazol (8.5 mg/kg IM), xylazine (1 mg/kg) with ketamine
(7.5 mg/kg), and medetomidine (75 µg/kg) with ketamine (7.5
mg/kg) have been evaluated for their anesthetic actions following
IM administration. All three combinations induced anesthesia
within 5 min.9 Armadillos were immobilized for approximately
45 min, with recovery requiring 2 to 3 h. When atipamezole was
used to antagonize medetomidine, recovery was shortened to 15
min or less.9

Inhalation anesthesia with isoflurane or sevoflurane is easily
achieved with a closed induction chamber. Premedication with IM
atropine sulfate (total dose, 0.1 mg) can be used to diminish se-
cretions. A soft polyethylene endotracheal tube 4- to 8-mm ID is
easily placed through the laryngeal opening with the use of a
laryngoscope. Following intubation, anesthesia may be main-
tained with isoflurane concentrations in the range of 1.5% to 2.5%
delivered via a rebreathing system using a precision vaporizer.

Wild Rodents
Chinchillas are easily removed from their cages by grasping
them by the base of the tail and lifting them off their feet.
Anesthesia can be induced with either 1.5% to 2.5% halothane or
isoflurane or 2.5% to 4.0% sevoflurane. Old reports indicate that
the IM administration of 15 mg of meperidine approximately 30
min prior to surgery, followed by 1% subcutaneous (SC) lido-
caine solution injected along the proposed line of incision, pro-
vides adequate analgesia and sedation for cesarean section in
chinchillas.10 Recovery is rapid, and the young suckle within
minutes after delivery. Midazolam or diazepam (5 mg/kg) plus
ketamine (15 to 20 mg/kg) administered IM also produces relax-
ation and analgesia for up to 2 h. Thiopental sodium in dilute so-
lution can also be administered IV to effect for minor surgical
procedures. Epidural anesthesia has been used for cesarean sec-
tion because the lumbosacral fossa is easily located and is com-
paratively large.11 Epidural anesthesia techniques are similar to
those used for dogs and cats and can be achieved with local anes-
thetics such as lidocaine. In a 2004 study, an IM combination of
midazolam (1.0 mg/kg), medetomidine (0.05 mg/kg), and fen-
tanyl (0.02 mg/kg) was compared with the IM injection of either
xylazine (2.0 mg/kg) with ketamine (40.0 mg/kg) or medetomi-
dine (0.06 mg/kg) with ketamine (5.0 mg/kg) to assess combina-
tion anesthetic actions in chinchillas. The xylazine-ketamine and
medetomidine-ketamine combinations provided longer surgical
tolerance, but overall the midazolam-medetomidine-fentanyl
combination was preferred because it induced less cardiopul-
monary depression and achieved good anesthesia with the poten-
tial for complete reversal.12

Squirrels are best anesthetized with isoflurane or sevoflurane
administered into an induction chamber. Ketamine (10 to 20
mg/kg) is the most commonly used injectable anesthetic in gray
and fox squirrels. It provides adequate immobilization for physi-
cal examination and diagnostic procedures. A combination of
medetomidine and ketamine has also been used to immobilize
squirrels (Table 31.1).

In prairie dogs, ketamine (100 to 150 mg/kg) plus xylazine (20
mg/kg) administered IV produces 1.5 to 2.0 h of satisfactory sur-
gical anesthesia.13 Xylazine can be administered 10 min prior to
ketamine or may be given in the same syringe at the same time. For
longer periods of anesthesia, inhalant anesthetics can also be ad-
ministered via a mask or following endotracheal intubation.
Because prairie dogs are obligate nasal breathers, they need to only
have their nose in the mask for induction and maintenance of in-
halant anesthesia. Visualization of the larynx is difficult without
the use of a modified otoscope or laryngoscope. If all that is re-
quired is a short period of sedation, a lower dose of ketamine (40
mg/kg) can be combined with acepromazine (0.4 mg/kg) and ad-
ministered IM.14 Butorphanol (2 mg/kg subcutaneously) or
buprenorphine (0.02 mg/kg SC) may be used to produce analgesic
effects in prairie dogs. Marmots are similar to prairie dogs and
have been successfully anesthetized with combinations of xy-
lazine-ketamine, medetomidine-ketamine, and xylazine-Telazol.15

Agoutis are large, excitable, agile rodents that can injure them-
selves or handlers if not carefully restrained. Ketamine alone (25
to 35 mg/kg) has been used to immobilize agoutis.16 Ketamine
can be coadministered with analgesics or sedative-analgesics for
painful procedures. As might be expected, xylazine, phenothi-
azine tranquilizers, and fentanyl-droperidol alone are not as ef-
fective. Inhalant anesthetics (isoflurane or sevoflurane) delivered
via a face mask or by endotracheal tube produce good surgical
anesthesia following ketamine immobilization.

The coypu (nutria) is difficult to restrain for IV injection. They
have no readily accessible superficial veins. Endotracheal intuba-
tion can be performed in anesthetized animals with a slightly
flexible tube containing a curved stylet. Intubation can be per-
formed without visualization of the laryngeal opening. Animals
weighing 3 to 5 kg require a 5-mm-ID endotracheal tube. Upon
insertion, apnea may occur. Following intubation, anesthesia can
be maintained with any inhaled anesthetic. In early investiga-
tions, chloralose (80 mg/kg) and pentobarbital (40 mg/kg) were
administered IP for sedation but did not provide adequate surgi-
cal anesthesia at these dosages. Ketamine (10 to 20 mg/kg) plus
2 mg of xylazine have been assessed together in 4- to 5-kg nutria
for tail amputation surgery. Prolonged anesthesia was produced
by 20 mg/kg of ketamine, whereas 10 mg/kg was insufficient for
surgery.17 Administration of medetomidine (0.1 mg/kg IM) plus
ketamine (5 mg/kg IM) induces rapid anesthesia in nutria (Table
31.1). Immobilization lasts for approximately 40 to 60 min.
Atipamezole (0.5 to 0.7 mg/kg IM) will awaken animals within
5 to 10 min of administration. The atipamezole dose should be
four- to fivefold the dose of medetomidine. Atropine (0.1 mg/kg)
is effective as a preanesthetic to decrease salivary secretions.

Voles have been anesthetized for nearly 3 h with pentobarbital
at an IP dose of 0.06 mg/g of body weight. Surgical anesthesia
can be induced for 15 to 20 min in meadow voles with a 0.06- to
0.09-mg/g dose of pentobarbital injected IM. In recent years, the
use of IM or IP pentobarbital for anesthesia has been supplanted
with injectable combinations and the use of inhalant anesthetics
in most rodent species. Additional information on the dosing of
ketamine-medetomidine combinations in wild rodents (e.g.,
squirrels) is listed in Table 31.1.
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Table 31.1. Species and medetomidine and ketamine intramuscular dosages used for immobilization of nondomestic mammals

Medetomidine Ketamine
Species (µg/kg) (mg/kg) Planea Documentationb

Insectivora
Hedgehog (Erinaceus euro paeus) 100 5 2 +

Primate
Baboon (Papio hamadryas) 100 5 1–2 +
Chimpanzee (Pan troglodytes) 50 5 3 ++
Common marmoset (Callithrix jacchus) 100 5 1–2
Cotton-headed tamarin (Saguinus oidipus) 100 5 2–3 ++
Emperor tamarin (Saguinus imperator) 100 5 2–3 ++
Lar gibbon (Hylobates lar) 70 3 2 +
Lowland gorilla (Gorilla gorilla) 50 5 3 +
Red-bellied tamarin (Saguinus labiatus) 100 5 2

Rodentia
Brown squirrel (Sciurus vulgaris) 100 5 1 +
Norwegian lemming (Lemmus lemmus) 200–300 — 2–3 +
Nutria (Myocastor coypus) 100 5 2–3 +++

Camivora
Amur leopard (Panthera pardus orientalis) 60–80 2.5–3.0 3 ++
Blue fox (Alopex lagopus) 50 2.5 3 +++
Brown bear (Ursus a. arctos) 50 2 3 +
Ferret (Mustela putorius) 100 5 2 +
Golden cat (Felis temmincki) 80–100 3–4 3 ++
Jaguar (Panthera onca) 60–80 2.5 3 +
Lion (Panthera leo) 60–80 2–3 3 +
Lynx (Lynx lynx) 80–100 2.5–3.5 3 ++
Maned wolf (Chrysocyon brachyurus) 80 2.5 3 +
Mink (Mustela vision) 100 5 1–2 +
Pine marten (Martes martes) 100 5 2 +
Polar bear (Thalarctos maritimus) 30 2.5 3 ++
Red panda (Ailurus fulgens) 80–100 2.5–4.0 2–3 +
Snow leopard (Panthera uncía) 60–80 2.5–3.0 3 +++
Ermine (Mustela erminea) 100 5 2–3 ++
Sun bear (Helarctos malayanus) 60–80 2–3 2–3 +
Tiger (Panthera tigris) 60–80 2.5 3 +
Wolf (Canis lupus) 60–100 3–5 3 ++
Wolverine (Gulo gulo) 100 5 3 ++

Perissodactyla
Przewalski’s wild horse (Equus przewalski) 60–80 1.5–2.0 2–3 +

Artiodactyla
Alpine ibex (Capra i. ibex) 80–140 1.5 2–3 +++
Axis deer (Axis axis) 50 1–2 2 ++
Bactrian camel (Camelus bactrianus) 40 — I +
Barbary sheep (Ammotragus lervia) 100–140 1.5 2–3 ++
Blackbuck (Antilope cervicapra) 200–300 1.5–2.0 2–3 +
Chamois (Rupicapra r. rupicapra) 70–100 1.5–2.0 2–3 +++
Fallow deer (Dama dama) 100–150 2.0–2.5 2–3 ++
Forest reindeer (Ranifer tarandus fennicus) 60–80 0.6–0.8 2–3 +++
Guanaco (Lama guanicoe) 60–100 1.5–2.0 2–3 +
Himalayan tahr (Hemitragus jeinlahicus) 80–100 1.5 2–3 ++
Llama (Lana glama) 50 1 2 +
Markhor (Capra falconeri rnegaceros) 60–100 1.5–2.0 2–3 +++
Moose (Alces alces) 60 1.5 2 +
Mouflon (Ovis musimon) 125 2.5 2 +
Pére David’s deer (Elaphurus davidianus) 30 1 3 +
Red deer (Cervus elaphus) 50 1.5 3 ++

(continued)



Mustelids
A metal or Plexiglas tube is convenient for restraining mink. The
dimensions of the tubes will vary according to the size of the
mink being restrained.18 One end of the tube is covered with
hardware cloth, with the other remaining open. The mink is in-
serted headfirst into the tube. Vaccinations or other injections can
be administered SC or IM on the inner surface of the hind leg
while the animal is restrained. Anesthesia has been induced with
carbon dioxode–oxygen mixtures (1:1), but isoflurane or sevoflu-
rane administration is obviously preferable for chamber induc-
tions. Maintenance of anesthesia with halothane or isoflurane by
use of rebreathing or non-rebreathing delivery systems is pre-
ferred. In field situations, mink and polecats have been success-
fully immobilized and anesthetized with a combination of keta-
mine (10 mg/kg IM) and medetomidine (0.20 mg/kg IM) for
radio-transmitter implantation. Induction was achieved in less
than 4 min, and immobilization lasted from 28 to 54 min.19 Older
reports indicate that reserpine (0.036 to 0.05 mg) can be admin-
istered orally in feed to render mink less nervous and excitable.20

Apparently, there is a wide margin of safety with few cumulative
toxic effects.

For ferrets, anesthesia is commonly induced with sevoflurane
or isoflurane in an induction chamber. Atropine (0.04 mg/kg) can
be administered either SC or IM prior to induction. To maintain
anesthesia, inhalants are then delivered via a mask or through an
endotracheal tube. Injectable mixtures for producing short peri-
ods of anesthesia in ferrets include ketamine (26 mg/kg IM) plus
acepromazine (0.22 mg/kg IM), ketamine alone (20 to 30 mg/kg
IM) to produce light surgical anesthesia for 40 to 60 min,
Althesin (12 to 15 mg of total steroid/kg IM), which is a 3:1 mix-
ture of alphaxalone with alphadolone acetate, to produce 15 to 30
min of light anesthesia, and Telazol at a dose of 5 to 10 mg/kg
IM. A mixture of Telazol (250 mg tiletamine and 250 mg zo-
lazepam) solubilized in 4 mL of ketamine (400 mg) and 1 mL of
10% xylazine (100 mg/mL) designed for use in exotic cats can be
used in ferrets and feral cats at a dose of 0.03 to 0.04 mL/kg IM.

This mixture has been used for castrations, declawing, and intra-
abdominal surgery.21,22 Medetomidine (0.1 mg/kg IM) can also
be combined with ketamine (5 mg/kg IM) to induce a short pe-
riod of anesthesia in ferrets (Table 31.1).

In general, rapid-acting volatile anesthetics such as isoflurane
or sevoflurane are preferred for anesthetizing skunks. For small
skunks, a transparent plastic disposable bag is an ideal container
for induction with sevoflurane or isoflurane. Anesthesia is in-
duced while the skunk is in the bag, and the surgery is performed
through a small opening cut in the bag. Once immobilized, the
skunk is removed and the bag is discarded. This procedure
should be performed in a well-ventilated room to minimize
human exposure to anesthetic gases and skunk musk. The best
age for removal of the scent glands in skunks appears to be 5 to
6 weeks of age, when the skunk’s weight is about 2 pounds.23 If
inhalant anesthesia is not feasible, pentobarbital can be adminis-
tered IP to induce anesthesia by using a 2-mL syringe and 25-
gauge needle; the usual dose ranges for adult skunks are 15 to 30
mg/kg.

An anesthetic technique for wild skunks caught in traps using
a 9-foot pole syringe has been described.24 The operator stands
at a distance while making an IM injection and thus facilitates
handling without exposure to musk or possibly being bitten. With
this technique, pentobarbital solution has been administered IM
at the rate of 20 mg/kg of body weight. Skunks are less likely to
expel musk if the operator is slow and deliberate. Skunks that
expel musk usually direct it at the pole syringe when the drug is
injected. The immobilizing combination of ketamine (16 mg/kg
IM) plus xylazine (8 mg/kg IM) has also been effective in
skunks. Anesthesia is usually induced in less than 3 min with im-
mobilization lasting approximately 30 min.25

Stoat (Mustela erminea) and weasel (Mustela nivalis) are ex-
tremely fierce and difficult to handle. They will bite through
thick leather gloves and, if held tightly, may be asphyxiated.26 A
satisfactory and nontraumatic method of inducing anesthesia is
to place these animals in a Plexiglas induction chamber (10 � 4
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Table 31.1. Species and medetomidine and ketamine intramuscular dosages used for immobilization of nondomestic mammals (continued)

Medetomidine Ketamine
Species (µg/kg) (mg/kg) Planea Documentationb

Reindeer (Rangifer tarandus tarandus) 30 1 3 ++
Rocky mountain goat (Oreamnos americanus) 60–80 1.5 2–3 +++
Roe deer (Capreolus capreolus) 50 1–2 2 ++
Wapiti (Cervus canadensis) 60–80 1.5–2.0 2–3 +
White-tailed deer (Odocoileus virginianus) 60–80 1.5–2.0 2–3 ++
Wisent (Bison bonasus) 50–80 1.5–2.5 2–3 +
Yak (Bos mutus grunninens) 70–100 2–3 2–3 +

Marsupiala
Red-neck wallaby (Macropus rufogriseus) 100 5 2–3 +

a(1) Insufficient, animal sedated but able to struggle considerably or get up; (2) moderate, deep sedation but occasional muscle tension or mild struggling
when handled; and (3) complete immobilization, good muscle relaxation and no arousal after handling or nociceptive stimuli.

bSubjective evaluation of how reliable the given recommendations are, ranging from + (least reliable) to +++ (most reliable).
Modified from Jalanka and Koeken.135



� 4 inches) attached to the end of the cage by means of a remov-
able slide. A 21/2-inch-diameter hole connects the box to the
cage. The animal is easily coaxed into this box. Isoflurane or
sevoflurane is then introduced into the box via the fresh gas line
from the vaporizer. Safe induction concentrations range from
2.5% to 4.0%. Once the animal is unable to right itself, it can be
removed from the chamber and inhalant anesthesia maintained at
lower concentrations by using a face mask or via delivery
through an endotracheal tube. The intubation technique is simi-
lar to that used for ferrets. Light surgical anesthesia can be main-
tained with 1.5% to 2.0% concentrations of isoflurane or 2% to
3% sevoflurane. Alternately, medetomidine (0.1 mg/kg IM) plus
ketamine (5 mg/kg IM) has been used to immobilize stoats with
variable success (Table 31.1).

Badgers (Taxidea taxus), which have a ferocious disposition,
have been successfully immobilized with phencyclidine, acepro-
mazine, chlorpromazine, or succinylcholine administration.
Ketamine appears to be the most satisfactory drug for immobiliz-
ing the European badger (Meles meles).27 The average effective
dose is 20 mg/kg IM, and repeated smaller doses are sometimes
administered. Complete recovery occurs in 90 to 180 min, de-
pending on the total dose administered. A number of studies have
evaluated anesthetic combinations in badgers in comparison with
ketamine alone (20 mg/kg). The addition of midazolam with
lower doses of ketamine (10 to 15 mg/kg) did not improve anes-
thesia, nor did the combination of medetomidine (80 µg/kg) with
only 5 mg/kg of ketamine.28 The combination of butorphanol,
medetomidine and ketamine appeared to improve overall muscle
relaxation and anesthesia, however.29 Following immobilization
with either IM administered ketamine (15 to 25 mg/kg) plus xy-
lazine (0.5 to 1.0 mg/kg) or Telazol (8 to 12 mg/kg) plus xylazine
(0.5 to 1.0 mg/kg), anesthesia can be maintained with isoflurane
or sevoflurane delivered through a mask or endotracheal tube.

Wild Procyonids
Members of this family include the ring-tailed cat, raccoon, coa-
timundi, mountain coati, lesser panda, and giant panda.
Anesthetic techniques used in these species are primarily based
on experience gained in the immobilization and anesthesia of
raccoons. These anesthetic techniques would appear applicable
for most procyonids. Intravenous anesthesia is not practical be-
cause of difficulty in restraining these species. Ketamine or
Telazol have been used extensively and are made more effica-
cious when supplemented with an �2-agonist (e.g., xylazine or
medetomidine). A phenothiazine (acepromazine) or benzodi-
azepine (diazepam) tranquilizer can also be combined with keta-
mine. When ketamine has been used alone at a dose of 20 to 30
mg/kg IM, induction takes 3 to 7 min, and recovery can be ex-
pected to occur in 45 to 90 min. A combination of a lower dose
of ketamine (10 mg/kg IM) with xylazine (2 mg/kg IM) or other
�2-agonist is more often used to immobilize wild procyonids
today. Induction occurs in 3 to 5 min after IM injection. Anes-
thesia appears adequate, lasts for 15 to 20 min, and can be pro-
longed by administering one-quarter to one-half of the original
combination dose IM or by the administration of isoflurane or
sevoflurane via a face mask or an endotracheal tube. Medeto-

midine (0.1 mg/kg IM) can also be combined with ketamine (4
mg/kg IM) to immobilize wild red pandas.

Telazol has been used in a variety of procyonids for chemical
restraint and short, minor surgical procedures. A dose of 10
mg/kg IM induces anesthesia lasting for 20 to 60 min. With this
dose, reflexes (including the palpebral, corneal, pinnal, pharyn-
geal, and laryngeal) should persist.30

Wild and Feral Canids
In the mid–20th century, these species were usually immobilized
by using dart guns with drugs such as nicotine, phencyclidine,
etorphine, or succinylcholine. These drugs are rarely used today,
having been replaced with various dose combinations of keta-
mine (e.g., 10 mg/kg IM) plus xylazine (e.g., 2 mg/kg IM) or plus
medetomidine (0.1 mg/kg IM) (Table 31.1). With these dosages
of ketamine and �2-agonists, induction time averages 5 to 10
min. Anesthesia usually lasts 15 to 20 min, and recovery is com-
plete in approximately 30 min. Medetomidine alone (0.025 to 0.1
mg/kg IM) can be used to produce dose-dependent sedation and
immobilization of many wild canids. Nevertheless, for safety
reasons, ketamine is commonly administered with medetomidine
to ensure immobilization. The dose of ketamine used should
never be less than 2.5 mg/kg IM for immobilizing any wild car-
nivore. Once captured, wild canids can be anesthetized with in-
halants in the same manner as domesticated dogs. Anesthesia is
commonly induced with the animal in a squeeze cage. An in-
jectable tranquilizer, narcotic, and/or ketamine or Telazol is ad-
ministered, followed by administration of an inhalant such as
isoflurane or sevoflurane. Coyotes and other wild carnivores
caught in steel traps often injure themselves struggling. A cloth-
covered diazepam tablet was described in the 1960s for attach-
ment to the trap. The tablet would hopefully be ingested by the
coyote after capture, with the intent of calming the animal and
preventing additional self-inflicted harm.31

Wild Felids
Throughout the latter half of the 20th century, many species of
nondomesticated cats have been immobilized with high doses of
ketamine alone (Table 31.2).32 However, salivation, muscle rigid-
ity, and convulsions can occur with ketamine immobilization
alone. Combinations of ketamine (10 to 20 mg/kg IM) and xy-
lazine (2 mg/kg IM) can be used to induce short periods of anes-
thesia (i.e., 5 to 20 min) in most wild felids. Additional doses can
be given when necessary to prolong anesthesia. Xylazine alone
has been used to immobilize wild cats at a dose ranging from 1
to 3 mg/kg of body weight, but it should be understood that large
felids immobilized with xylazine alone can be easily aroused by
auditory, visual, and physical stimuli. Medetomidine in combina-
tion with ketamine has also been used to immobilize a variety of
wild felids (Table 31.1). For many decades now etorphine (M-99)
has also been used successfully to immobilize African lions and
other wild cats.33 For a 100-kg lion, the suggested total dose of
M-99 is approximately 0.5 mg. In adult lions, tremors associated
with M-99 injection can be controlled with acepromazine admin-
istration (total dose, 25 to 30 mg). Appropriate doses of Telazol
(1.5 to 5.0 mg/kg IM) will usually induce anesthesia in large fe-
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lids within 2 to 5 min, providing 15 to 30 min of immobilization
and analgesia. The coadministration of atropine with dissociative
anesthetics generally prevents excessive salivation. Some tigers
may be more sensitive to Telazol than others. Reported adverse
reactions to Telazol in tigers and other large cats include pro-
longed muscle rigidity and an inability to stand for several days
after recovery.

Historically (mid–20th century), succinylcholine chloride had
been used for immobilization of a large variety of wild species,
including large cats such as African and North American moun-
tain lions (Felis concolor).34 With the availability of newer drugs

and combinations for immobilization of wild and feral animals,
succinylcholine alone is no longer considered an acceptable im-
mobilizing drug.

Relatively high doses of meperidine and promazine have been
used as preanesthetics in some large cats, such as ocelots, leop-
ards, and lions. In lions, 11 mg/kg of meperidine or 4.4 to 9.0
mg/kg of promazine has been used to achieve sedation.35,36 SC
and IM injections are facilitated by use of a squeeze cage. Once
sedation is evident, a tourniquet can be applied to the tail to help
locate the caudal vein for IV injection of the injectable anesthetic.

When compared with smaller domestic cats, big cats appear to
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Table 31.2. Use of intramuscular ketamine in nondomesticated cats

Dose of Onset
Age in Years Weight Ketamine Time

Species Sex (M = Months) (kg) (mg/kg) (min)

Ocelot (Felis pardalis) F 12 8 5 NM
F 12 8 6 NM
F 14 8 14 10

Serval (Felis serval) M 8 M 11 9 10
F 4 9 15 NM

Leopard cat (Felis bengalensis) M 10 M 3 14 NM
M 10 M 3 8 U
F 10 M 2 11.5 U
F 10 M 1 15 10
M 10 M 2 25 8

Clouded leopard (Neofelis nebulosa) M 15 18 8.5 U
Chinese leopard (Pan therapardus

Japonensis) F 3.5 38 15 7 (C)
Black leopard (Panthera pardus) F 13 54 15 19
Margay (Felis wiedii) F 7 3 15 NM
Jaguar (Panthera onca) F 14 60 13 10

M 5 83 18 U
Cheetah (Acinonyx jubatus) M 7 34 8 U

M 7 33 11 NM
M 7 34 12 U
M 7 34 11.5 8 (C)
M 10 42 9.5 6
M 12 30.5 10 6

Puma (Felis concolor) F 12 24 11 7
F 12 24 11 14
M 8 M 27 15 U
M 8 M 27 18 U
F 6 23 22 3
M 14 50 18 8
M 2 30 15 7
M 2 58 20 13
M 2.3 45 18 U
M 2.5 56 25 8

Lion (Panthera leo) F 12 150 10 U
M 2 140 18 6
M 3 163 14 U (C)
F 2 95 20 5 (C)

Tiger (Panthera tigris) M 15 130 7 7
F 7 110 14 9

C, convulsions observed; NM, not measured; U, unsafe to handle.



require less anesthetic per kilogram to produce surgical anesthe-
sia. For example, when combined with medetomidine (0.03
mg/kg IM), the required dose of ketamine is reportedly only 2.5
mg/kg IM for immobilization of tigers and lions (Table 31.1).
Certain reflexes may persist, and the recovery period is usually
longer for larger cats. The rate and character of ventilation are
important criteria for assessing depth of anesthesia. Fewer than
10 breaths per minute is cause for concern. To avoid the need to
use larger doses of general anesthetic in large undomesticated
cats, it is suggested that local anesthetics be employed, whenever
possible, to desensitize tissues and structures prior to surgical
manipulation. Additional information on various injectable drug
combinations in large cats, including propofol IV administration,
has been published.37–39

Whenever possible, inhalational anesthesia with isoflurane or
sevoflurane is preferred for longer periods of general anesthesia
of large felids. A more precise control of anesthesia depth is pro-
vided, and the animal will have a more rapid emergence upon
completion of the procedure (Fig. 31.1). If the procedure is ex-
pected to be of considerable duration, endotracheal intubation is
preferable to mask delivery of the inhalant. Tracheal intubation
in large cats can be achieved with or without a laryngoscope (Fig.
31.2). Large lions and tigers require a medium Cole tapered tube
or an 18- to 24-mm-ID cuffed tube commonly used in small adult
horses. Before the endotracheal tube is positioned in the trachea,
the larynx should be sprayed with lidocaine to decrease the like-
lihood of laryngeal spasms.

Wild and Feral Swine
Wild and feral hogs have been captured by placing �-chloralose
on corn or in mixtures of flour, peanut butter, sardines, and syrup.
The feeding site should be baited for several days prior to using
the drugged bait. When one teaspoonful of methocel per cup is
added to dampened shelled corn, it causes the relatively insolu-

ble �-chloralose to adhere to the corn. The maximum safe dosage
for feral hogs is about 2.2 g/10 kg of body weight, and the mini-
mum effective dose is about 2.2 g/40 kg. One cup of bait with 2
g of �-chloralose appears to be effective.40 Bait should be re-
moved after the trapping operation, because the bait is potentially
dangerous to other wildlife. Once captured and restrained, wild
swine and javelinas can be anesthetized with a dissociative such
as ketamine or a barbiturate such as thiopental (10 mg/kg IV).
Adult peccaries and feral hogs have been successfully immobi-
lized with a 1:1 mg mixture of Telazol (100 mg) and xylazine
(100 mg). This mixture has provided adequate anesthesia and
analgesia to perform short surgical procedures.41 Once adequate
restraint or immobilization has been achieved, anesthetic tech-
niques used in domestic breeds of pigs are effective in wild and
feral swine.

Wild Ruminants
Bovidae Species
Prior to the availability of modern immobilizing drugs, Beale and
Smith42 reported on the use of 6 to 10 mg/45 kg of succinyl-
choline chloride to immobilize pronghorn antelope. Xylazine 
(1 to 3 mg/kg) or carfentanil was also commonly employed for
sedation and capture of antelope and other wild ruminants in the
latter half of the 20th century.43 Carfentanil has often been com-
bined with a tranquilizer, as was reported for its use in roan an-
telope immobilized with 11 to 13 µg/kg when combined with
0.75 mg/kg of azaperone.44 Intramuscular immobilizing doses of
fentanyl, etorphine, and xylazine employed in African antelopes
and other wild Bovidae species are listed in Table 31.3. Xylazine
alone and in combination with ketamine has also been used
extensively for the immobilization of many captive and free-
ranging Bovidae ruminants. For example, in the 1980s, captive
dorcas gazelles were immobilized by using xylazine (0.25 mg/kg
IM) and ketamine (12 mg/kg IM) prior to electroejaculation and
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Fig. 31.1. Adult male lion anesthetized with isoflurane. Indirect
blood pressure was measured at 5-min intervals by using an oscillo-
metric device and cuff placement around the metatarsal artery. Fluid
administration is important during long procedures and will assure a
ready venous access for drug administration.

Fig. 31.2. Large animal cuffed endotracheal tube is passed into the
trachea for delivery of inhalation anesthetic to an adult tiger. Flow
rates of 5 to 6 L/min are recommended. The tube should be secured
in place to prevent movement and laryngeal trauma.
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sperm collection.45 More recently, a number of wild Bovidae
species have been successfully immobilized and/or anesthetized
with combinations incorporating medetomidine and ketamine
with an opioid in an effort to further enhance the analgesic and
anesthetic actions of this combination.46,47 When necessary,
atipamezole can be administered at a ratio fivefold the medeto-
midine dose to help prevent resedation in the field and possible
predation.48

To capture bighorn sheep, etorphine has been used at a dose of
approximately 22 µg/kg IM.49 The IM injection of acepromazine
(total dose, 15 mg in adults) after capture prolongs the effect of
etorphine and facilitates handling. Injection of cyprenorphine ef-
fects rapid recovery from the effects of etorphine. It is recom-
mended that cyprenorphine or diprenorphine be administered in
a dose 21/2 times the amount of etorphine and that half be admin-
istered IV and half IM to smooth recovery and decrease the like-
lihood of renarcotization. Xylazine has been used alone to immo-
bilize bighorn sheep, with total effective dosages ranging from
350 mg for adult males to 250 mg for adult females. Long recov-
eries resulted in some deaths before the procedure was shortened
and the anesthesia made safer by reversal with the administration
of idazoxan, an �2-antagonist.50 To tranquilize bighorn sheep in
a captive environment, diazepam can be mixed at a dose of ap-
proximately 13 mg per each kilogram of feed fed to the sheep.

The domestic buffalo (Bubalus bubalis) is raised mainly in
Asia as a producer of meat and milk. It is only distantly related
to the American bison (Bison bison). Most anesthetic techniques
for the buffalo have been inferred from work with cattle. Several
studies have shown considerable variation between species, how-
ever. The effects of xylazine on water buffalo calves at doses of
0.22 and 0.44 mg/kg IV and 0.44 mg/kg IM were assessed in the
late 1970s.51 Recovery times were dose related and varied from
65 to 130 min for the IV doses, whereas the IM dose produced
an average of 150 min of recumbency. Administration of 0.04
mg/kg of atropine IM reduces salivary secretions and bradycar-
dia observed with xylazine administration. Ketamine (2.0 mg/kg
IV) has been combined with chlorpromazine (2.0 mg/kg IM) to
anesthetize water buffalo calves. Pretreatment with chlorpro-
mazine increases the duration of analgesia and recovery time be-
yond that achieved with ketamine alone. Short-term surgical pro-
cedures (5 to 10 min) with this drug combination have been
performed in calves.52

The use of guaifenesin (165 mg/kg IV) alone in water buffalo
calves to produce complete immobilization causes significant hy-
potension. Cardiovascular and respiratory effects produced by
high doses of guaifenesin are generally undesirable.53 An anes-
thetic mixture used as early as the 1960s consisted of chloral hy-
drate (30 g), magnesium sulfate (15 g), and thiopental (2.5 g) in
1000 mL of distilled water.54 Thirty minutes after the SC admin-
istration of atropine, the mixture was administered IV at approx-
imately 2.0 mL/kg. Anesthesia was deemed adequate for 15 to 25
min following the initial injection and could be prolonged by ad-
ditional injections. Newer methods of providing short periods of
injectable anesthesia rely on the combination of ketamine with
�2-agonists and other tranquilizers, such as diazepam and tri-
flupromazine, to enhance muscle relaxation and improve overall

safety.55 In one study, a 0.1-mg/kg IV dose of detomidine was
combined with 0.1 mg/kg dose of diazepam IV and 3 mg/kg of
ketamine IV for 15 min of excellent anesthesia.56 Inhalant anes-
thesia has also proven satisfactory in water buffalo and is pre-
ferred for longer-lasting anesthesia when the appropriate facili-
ties and delivery equipment are available at the zoo facility or
wildlife park.

Bison (Bison bison) are generally dangerous and difficult to
handle, and heavy equipment is required in order to restrain
mature animals. Capture equipment is necessary to catch free-
roaming animals. Early reports (1960s) indicate captured bison
being administered chloral hydrate (250 mg/kg) to achieve deep
surgical anesthesia. More recently, reports of bison immobiliza-
tion have emphasized the IM use of �2-agonist agents (e.g., xy-
lazine or medetomidine) with either potent opioids (e.g., carfen-
tanil) or Telazol, a dissociative and benzodiazepine proprietary
mixture.57,58 The use of combinations incorporating xylazine or
medetomidine with Telazol has caused some concerns regarding
rumenal tympany. The anesthetic and physiological effects of
these combinations have been effectively antagonized with the ad-
ministration of �2-antagonists: tolazoline (for xylazine) and ati-
pamezole (for medetomidine).58 Once bison have been restrained
and/or immobilized by physical or chemical methods, IV and in-
halant techniques commonly used in large domestic cattle can be
effective in providing short periods of general anesthesia.

Cervidae Species
Over three decades ago, reports on the effects of IM injections of
0.3 mg/kg up to 9 mg/kg of xylazine in red, fallow, and spotted
deer were published.59–61 With clinically effective doses of xy-
lazine, sedation begins within 3 to 10 min and usually lasts 1 to
2 h. A degree of analgesia is produced, but supplementation with
a local or regional anesthetic was required for surgery. During the
onset of sedation, there is some salivation, but regurgitation of
ruminal contents or ruminal tympany has been rare. Alterations
in respiratory rhythm, ranging from transient apnea to a Cheyne-
Stokes respiration, are typically observed with the higher doses
of xylazine and have been frequently encountered in red deer,
moose, sitatunga (marshbuck), and Barbary sheep. Xylazine had
also been used alone to immobilize captive white-tailed deer in
the 1970s.62 Induction times were shorter in fawns and freshly
trapped deer. Immobilization was prolonged with doses above 3
mg/kg, and it was recommended that higher doses than this
should not be used. In general, xylazine alone produces good se-
dation and analgesia in wild Cervidae species, but, with lower
doses, immobilization and muscle relaxation are sometimes in-
sufficient for handling.

When given alone, the dose of ketamine for most deer species
ranges from 10 to 20 mg/kg IM. More recently, two of the more
common drug mixtures for immobilizing wild deer are ketamine-
xylazine and Telazol-xylazine. Medetomidine has also been
combined with ketamine at varying doses to immobilize several
species of deer and other Cervidae species (Table 31.1). Ati-
pamezole can be used to antagonize medetomidine-ketamine–
induced immobilization of captive and wild deer at approximately
fivefold the administered dose of medetomidine (Table 31.4).
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Potent opioids can also be used to immobilize many species of
captive wild deer and other wild ruminants. In the 1970s, for fal-
low and other species of deer, IM administered mixtures of etor-
phine (2 mg/100 kg) with xylazine (30 mg/100 kg) or fentanyl
(0.3 to 0.66 mg/kg) with xylazine (0.5 to 1.3 mg/kg) were proven
to be quite reliable and effective.63,64

For tranquilization of deer prior to transportation, chlorpro-
mazine can be administered IM at a dose of 4.4 mg/kg. Good re-
sults have also been obtained in elk with this dose. Full effect oc-
curs in about 1 h and lasts for 16 to 24 h. When used as
preanesthetics prior to injectable or inhalant anesthetics, phe-
nothiazine tranquilizers should be injected IM at least 1 h in ad-
vance. In the 1990s, longer-lasting neuroleptics began to be ad-
ministered IM in wild ruminants to provide days or even weeks
of taming effects.65 Zuclopenthixol acetate (1 mg/kg) and de-
canoate (10 mg/kg) provide 3 to 4 days and 10 to 20 days of
calming effect, respectively. The action of perphenazine enan-
thate (1 mg/kg) typically lasts 7 to 10 days, whereas pipothiazine
palmitate (5 mg/kg) reportedly provides 2 to 4 weeks of calming
action.

The reaction of deer to IV barbiturate anesthesia varies greatly.
Deer must be watched closely during the recovery period. Sali-
vation and bloating are common problems. If pentobarbital is to
be used, it should be preceded by atropine administration, and the
animal should be deprived of feed and water for 1 day prior to in-
duction. In a series of approximately 50 deer anesthetized with
pentobarbital, one death and several cases of postoperative pneu-
monia, caused by regurgitation of rumen contents, occurred.66 To
eliminate such complications, endotracheal intubation is recom-
mended during general anesthesia of deer, as in other ruminants.
In general, high-dose barbiturate anesthesia alone cannot be rec-
ommended for most wild ruminant species.

As with Bovidae species, the oral ingestion of diazepam alone
has been used to produce sedation and muscle relaxation for cap-
ture of wild Cervidae.67 The dose ranges from 125 to 250 g/10 kg
of feed. The effects vary depending on the amount ingested but
may persist for several days. Maximum effect occurs 4 to 8 h

after ingestion. Sedated individuals should be separated from
nontranquilized animals if possible, because the latter may injure
less alert deer. As tranquilization deepens, animals eat less, mak-
ing this sedation technique somewhat self-limiting.

Succinylcholine chloride or gallamine has been used to immo-
bilize North American elk (Cervus canadensis), but these muscle
relaxants may cause bloating and severe respiratory depression
and can no longer be recommended. Newer methods include the
use of potent opioids, such as carfentanil, or the use of �2-
agonist plus ketamine combinations to immobilize or anesthetize
elk.68 Intranasal xylazine administration as a novel method of
calming and reducing stress in captured elk appears promising,
as well.69

A number of drugs have been used to immobilize and anes-
thetize caribou, including fentanyl (0.3 to 0.6 mg/kg IM), xy-
lazine (0.25 to 0.5 mg/kg IM), and azaperone (0.5 to 1.2 mg/kg
IM).70 Etorphine (0.02 to 0.1 mg/kg IM) has also proven effec-
tive in caribou when combined with acepromazine (0.02 to 0.1
mg/kg IM). Xylazine alone produces long-lasting immobility in
moose. Sedate animals require constant supervision. A mixture
of xylazine (0.15 to 0.5 mg/kg) and fentanyl (0.15 to 0.5 mg/kg)
delivered by dart syringe has proven effective in the helicopter-
assisted capture of moose.64 Hyaluronidase (150 to 300 NF
units) added to the IM anesthetic mixture decreases the induction
times by 36% to 45%.

Camelids
Large Camelidae can be reliably sedated with xylazine. IM
doses ranging from 0.4 to 0.9 mg/kg have been used in Arabian
and Bactrian camels. In most instances, once sedation is evident,
there is no resistance to positioning and manipulation of feet.
Sedation usually begins within 10 min and can vary in duration
from 45 min to 5 h. Larger doses produce sedation for as long as
1 day. Regurgitation of rumen contents and ruminal tympany are
not common, and recovery is unaccompanied by struggling and
excitement.71 Sedation in Bactrian camels that is achieved with
xylazine doses of 0.25 to 0.50 mg/kg IM has been antagonized
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Table 31.4. Total atipamezole intramuscular doses and atipamezole-medetomidine ratios (wt/wt) in selected ruminant species to reverse
medetomidine-ketamine–induced immobilization

Atipamezole-Medetomidine
Atipamezole (µg/kg) Ratio (wt/wt)

Species n Median Min.–Max. Median Min.–Max.

Alpine ibex 70 543 152–833 5.0 1.7–7.1
Barbary sheep 10 298 142–417 3.7 2.9–5.0
Chamois 41 328 197–653 5.0 3.0–7.1
Forest reindeer 41 309 185–522 5.0 3.0–7.0
Himalayan tahr 29 345 143–658 5.0 4.0–5.6
Markhor 62 409 194–698 5.0 4.0–5.6
Rocky Mountain goat 22 315 114–714 5.0 2.5–5.8
White-tailed deer 25 294 160–435 5.0 2.7–6.0

From Jalanka and Koeken.135



with doxapram administration (0.05 to 0.13 mg/kg IV).72 In ear-
lier reports (1960s) of camel anesthesia, premedication with IM
chlorpromazine (1 mg/kg) reportedly decreased the dose of
chloral hydrate or pentobarbital sodium necessary to induce
anesthesia while prolonging its duration.72 Satisfactory IV anes-
thesia has been achieved in adult camels with a combination of
chlorpromazine (0.5 mg/kg IM), pentobarbital (total dose, 2.0 g
IV), and 2.5 g/50 kg of body weight of chloral hydrate adminis-
tered IV. Anesthesia can be prolonged with supplemental IV
doses of pentobarbital when using this combination. In recent
years, camels are more typically immobilized with xylazine
(e.g., 0.15 mg/kg IM) plus ketamine (e.g., 2.5 mg/kg IM) com-
binations.73

For laparotomy and rumenotomy procedures, regional analge-
sia can be used in camels by infiltration of 2% lidocaine in a re-
verse-seven pattern along the caudal edge of the last rib and the
distal tips of the lumbar transverse processes. Epidural anesthe-
sia can also be attempted in camels with the animals fastened in
the sitting position. Injection is made with a 5-cm needle at the
sacrococcygeal or first coccygeal space, with the needle slanted
forward about 45° from vertical. Administration of 12 to 16 mL
of 2% lidocaine produces analgesia of the anus, udder, vagina,
scrotum, and hind limbs. Administration of 50 mL of 2% lido-
caine in adult camels anesthetizes the hindquarters and abdomi-
nal somatic tissues up to the level of the umbilicus.

A mixture of guaifenesin (110 mg/kg) and thiopental (4.4
mg/kg) has been administered IV to induce anesthesia in camels.
For short-term (1 h or less) maintenance of general anesthesia,
5% guaifenesin in 5% dextrose plus thiopental (2 mg/mL) is ad-
ministered to effect. As with other large domesticated ruminants,
once intubated, inhalant anesthetics such as halothane, isoflu-
rane, or sevoflurane can be used to maintain longer periods of
anesthesia.74

Giraffes
Some investigators feel that xylazine alone is unsuitable for re-
straint of giraffes.75 When combined with etorphine, however,
results are more satisfactory. The sedative-anesthetic effects of
this drug combination can be antagonized with the coadminis-
tration of diprenorphine (2 to 4 mg total dose IV) and an �2-
antagonist such as yohimbine (0.1 to 0.15 mg/kg IV) or tolazo-
line (1.0 mg/kg IV). Administration of etorphine alone has been
used for surgical analgesia and restraint of adult reticulated gi-
raffes (Giraffa camelopardalis reticulata)76 but is usually ad-
ministered IM (total dose of 2.5 mg) along with xylazine (0.3
mg/kg IM) or acepromazine (total dose, 30 mg IM). This com-
bination produces recumbency and, when supplemented with an
additional 1 mg of etorphine, produces surgical analgesia.
Carfentanil has been combined with xylazine and ketamine has
been combined with medetomidine to immobilize free-ranging
giraffes safely.77,78

Perissodactyls
Wild and Feral Equids
Etorphine (0.017 mg/kg IM) alone or in combination with ace-
promazine (0.04 mg/kg IM) has been used to restrain captive

wild asses for electroejaculation procedures.45,79 Carfentanil, ad-
ministered in similar doses of 0.015 to 0.033 mg/kg IM, has been
used to immobilize zebras (Equus burchelli) and Mongolian wild
(Przewalski’s) horses.80–82 Immobilization usually occurs within
10 min after carfentanil injection. Xylazine (0.6 mg/kg IM) is
often used as a synergist to decrease both the dose requirement
of carfentanil (0.02 mg/kg IM) or etorphine and narcotic-induced
muscle rigidity.83 Following carfentanil injection, mild tachycar-
dia, hypertonia, and hyperthermia have been observed in some
wild horses. Severe physiological disturbances have been ob-
served in domestic horses after the coadministration of xylazine
(1 mg/kg IM) and carfentanil (0.015 mg/kg IM).80 These changes
were characterized by a hypermetabolic state including tachycar-
dia, vigorous muscle activity, tachypnea, and increased rectal
temperature. One horse was euthanized because of the onset of
severe pulmonary edema that was unresponsive to treatment.80

The authors speculated that these untoward responses may have
been the result of insufficient dosage. Medetomidine (0.06 to
0.08 mg/kg IM) combined with ketamine (1.5 to 2.0 mg/kg IM)
has also been used to immobilize wild horses effectively (Table
31.1). This combination produces good muscle relaxation, and
recovery is rapid and complete after IV or SC administration of
atipamezole. Generally speaking, once sedated, wild Equidae
may be given injectable and inhalant general anesthetics in the
same manner and dosages as domesticated horses.

Rhinoceros
In the 1960s, white rhinoceros (Dicerus simus simus) were typi-
cally immobilized with a mixture of morphine and chlorpro-
mazine administered IM.84 The doses used were approximately
1.5 g of morphine, 175 mg of scopolamine, and 725 mg of chlor-
promazine. Complete immobilization required 30 to 45 min in a
1600-kg animal. A variation of this mixture was made by substi-
tuting diethylthiambutene for morphine. For a 1400-kg animal,
the dose of diethylthiambutene was approximately 3.0 g. These
mixtures were also used successfully to immobilize black rhinoc-
eros. Other combinations used to immobilize black rhinoceros
included (a) etorphine and acepromazine, (b) etorphine, acepro-
mazine, and azaperone, or (c) etorphine and azaperone (Table
31.5).85 In the late 1970s, carfentanil alone was used to immobi-
lize rhinos. The total IM dose ranges from 1.0 to 1.5 mg in juve-
niles to 2.5 to 3.0 mg in adults. These doses achieve deep seda-
tion. The effects of carfentanil can be readily antagonized with
diprenorphine.86 Recommended carfentanil dosages and adjunc-
tive drugs for immobilizing rhinoceros and a variety of other wild
African species are listed in Table 31.6. Recent reports of anes-
thesia in rhinoceros species have emphasized the sensitivity of
these animals to potent opioids and the safety concerns accompa-
nying their use.87 To reduce the etorphine dose requirement, a
combination of etorphine with detomidine and ketamine has
been successfully used to immobilize an adult one-horned rhi-
noceros repeatedly for semen collection.88 In captive white rhi-
nos conditioned to repeated handling, the administration of a
combination of butorphanol (total dose, 70 mg) and azaperone
(total dose, 100 mg) alone can produce heavy sedation to light
anesthesia (animals became recumbent) for laparoscopy.89
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Elephants
Several sedatives and anesthetics have been used to immobilize
and anesthetize elephants. As early as the 1950s, meperidine hy-
drochloride was reportedly administered IV at the dose of 2.2
mg/kg to help in the manipulation of an elephant’s painful frac-
ture.90 In the 1960s, there was a report of Indian elephants being
anesthetized with pentobarbital IV administered through the
middle auricular vein.91 Beginning in the 1970s, elephants were
more commonly immobilized with etorphine administration. The
IM dose of etorphine for the African elephant varies from a total
dose of 4 to 8 mg, or approximately 1.5 mg/1000 kg of body
weight. Hyaluronidase can be combined with etorphine to en-
hance drug uptake from the IM injection site.92 A commercial
mixture of etorphine-acepromazine (Immobilon LA: 2.45

mg/mL of etorphine and 10 mg/mL of acepromazine) has been
used to sedate and control adult Asian elephants. A 2004 report
has further confirmed the usefulness and safety of this combina-
tion in adult Asian elephants by providing 30 to 60 min of recum-
bency and neuroleptanesthesia for placement of radio collars on
free-ranging animals.93 The average IM dose of Immobilon LA
administered was 3.3 mL, with a range of 6 to 11 mg of etorphine
and 25 to 45 mg of acepromazine in ten adult wild elephants.93

The dose recommendation was based on an unusual measure-
ment: 1 mL/4 ft of shoulder height. Immobilon LA appears to in-
duce more predictable narcotization than does etorphine alone.94

Nevertheless, etorphine administration (total IM doses ranging
from 4 to 6 mg) in African elephants (Loxodanta africana) rang-
ing in weight from 2700 to 6000 kg usually produces either ster-
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Table 31.6. Recommended intramuscular dosage of carfentanil (Wildnil) and additives for the immobilization of 19 free-ranging wild animal
species

Analgesic (Narcotic) Additive Analgesic Antagonist

Adult
Carfentanil Xylazine Azaperone Naloxone Cyprenophine

Body Dosage Total Dosage Total Dosage Total Multi- Total Multi- Total
Weight Rate Dosea Rate Dosea Rate Dosea plication Doseb plication Doseb

(kg) (µg/kg) (mg) (µg/kg) (mg) (µg/kg) (mg) Factor (mg) Factor (mg)

African elephant 5000 1 5 — — — — 6–10 40 10–12 50
Square-lipped 2000 1 2 — — 100 200 6–10 16 10–12 20

rhinoceros
Black rhinoceros 1000 1.5 1.5 — — 150 150 8–10 10 10–12 12
Giraffe 1000 3(1.5)d 3(l.5)d 040 40 100 100 3–4 12 4–5 15
African buffalo 700 5 3.5 050 35 150 105 2–3 10 3–4 12.5
Eland 800 8 6.4 200 160 300 240 2–3 15 3–4 20
Roan antelope 250 10 2.5 100 25 300 75 2–3 7 3–4 10
Blue wildebeest 220 8 1.75 080 17.5 240 52.5 2–3 5 3–4 6
Black wildebeest 150 8 1.2 080 12 240 36 2–3 3.5 3–4 5
Red hartebeest 140 10 1.4 100 14 300 42 2–3 4 3–4 5
Tsessebe 140 10 1.4 100 14 300 42 2–3 4 3–4 5
Blesbok 90 10 0.9 100 9 300 27 2–3 2.5 3–4 3.5
Common waterbuck 240 10 2.4 100 24 300 72 2–3 7 3–4 8
Greater kudu 260 10 2.6 100 26 300 78 2–3 7 3–4 8
Gemsbok 180 10 1.8 100 18 300 54 2–3 5 3–4 7
Impala 50 7 0.35 100 5 300 15 3–4 1.4 4–5 1.7
Springbok 35 10 0.35 100 3.5 300 10.5 3–4 1.4 4–5 1.7
Steenbok 12 10 0.12 100 1.2 300 3.6 3–4 0.4 4–5 0.5
Warthog 80 12.5 1 100 8 300 24 3–4 4 4–5 5
Burchell’s zebrac

aAnalgesic or additive total dose = analgesic rate � body weight.
bAnalgesic antagonist total dose = analgesic total dose � multiplication factor.
cCarfentanil was not recommended for zebras. Etorphine is recommended as the principal immobilizing agent.
dNumbers in parentheses denote noncasting dosage levels for giraffes.
The dosages listed are for free-ranging wild animals. Wild animals adapted to captive conditions usually require lower dosages.
When a short induction period is required, the carfentanil dosage rate can be drastically increased.
Carfentanil can be used without an additive. In cases of excitable species and warthogs, a mixture (cocktail) with a sedative is recommended. Xylazine is

preferred.
Although diprenorphine is not listed as an antagonist, it can be used with equal success in dosages slightly less than those cited for cyprenorphine.
Nalorphine hydrobromide can also be used as an antagonist.
From DeVos.86



nal or lateral recumbency.95 The latter is preferred because ster-
nal recumbency reduces ventilation by placing great pressure on
the diaphragm. A simple method of providing intermittent posi-
tive-pressure ventilation following etorphine immobilization of
elephants in the field has been described.96 This technique of
constructing a portable ventilator with the use of two high-flow
demand valves and a Y piece of a large animal anesthesia circuit
dramatically increased arterial oxygen partial pressure (PaO2)
from 40 to 366 mm Hg in one elephant.96 It should be appreci-
ated that large elephants may become immobilized in the stand-
ing position when the lower dose (total dose, 4 mg) of etorphine
is used. If this occurs, elephants may be administered acepro-
mazine to improve sedation and immobilization. Again, although
etorphine alone can immobilize adult African elephants satisfac-
torily, the addition of acepromazine (total dose, 25 to 50 mg) will
usually enhance and prolong the tranquil state.

Adult Asian and African elephants can be sedated for air or
other modes of transport in the field with the administration of
either xylazine (total dose, 100 to 175 mg) or azaperone (total
dose, 120 mg).97 Elephants usually remain standing in cages and
are somnolent. Injections of xylazine can be repeated at the same
dose rate at approximately 3-h intervals to maintain standing se-
dation during air transport.98 Medetomidine has also been as-
sessed as a sedative in Indian elephants at a dose of 3 to 5 µg/kg
IM. Sedation was evident on average in 6 min and lasted 1 h 6 min
with the 3-µg/kg dose and 2 h 14 min with the 5-µg/kg dose. The
head drooped, and the tail and trunk became flaccid. Bradycardia
was common, and hypothermia developed in some animals.99

A report on repeated inhalation anesthesia of an African ele-
phant was published by Dunlop et al. in 1994.100 Food was with-
held for 1 day and water for 12 h prior to induction. Chemical re-
straint and sternal recumbency were induced with 0.0017 mg/kg
of etorphine administered IM. Atropine (0.04 mg/kg IM) was ad-
ministered prior to an additional 0.0006 mg/kg etorphine admin-
istered IV. Following the second dose of etorphine, the elephant
was placed in lateral recumbency. A stomach tube was placed
into the larynx by digital palpation, as is done in adult cattle. A
40-mm-ID cuffed endotracheal tube was passed into the trachea
by using the stomach tube as a guide, the cuff was inflated, and
the endotracheal tube was connected to two large animal breath-
ing circuits joined in parallel at the Y piece. Initially, each ma-
chine was set to deliver 5% isoflurane in 15 L/min of oxygen.
After 45 min, the two vaporizers were reset to deliver 2% to 3%
isoflurane in 5 L of oxygen/min. Anesthesia was maintained for
2 h 35 min, at which time end-tidal isoflurane concentration
ranged from 1.05 to 1.15 vol%. At the completion of surgery,
isoflurane administration was discontinued. Diprenorphine was
administered IV 25 to 40 min later, and the elephant stood un-
aided within 3 to 4 min.100

In another report by Gross et al., 101 an Asian elephant was
anesthetized for cesarean section for removal of a dead fetus.
Excitement was observed in this elephant shortly after the IV in-
jection of atropine. Azaperone (0.035 mg/kg IM) premedication
had been followed 1 h 30 min later by a 0.05 mg/kg IV dose of
atropine. Within 1 min of atropine injection, the elephant began
swaying, kicking, and moving in an agitated manner around the

stall. Normally responsive to commands, the elephant refused to
obey verbal direction. When this behavior had not abated after 30
min, an additional dose of azaperone (0.018 mg/kg IM) was ad-
ministered. Within 15 min, the elephant became calm and re-
sponsive to commands, and anesthesia was then induced with
etorphine (0.002 mg/kg IV). Following intubation, anesthesia
was maintained with two large animal anesthetic machines
arranged in parallel delivering 100% oxygen and was supple-
mented with additional doses of etorphine when necessary. The
authors speculated that the excitement observed following at-
ropine administration was caused primarily by atropine rather
than by a drug interaction with azaperone. Atropine has often
been used in elephants, and suggested dosages vary from 0.11
mg/kg IM to 0.01 mg/kg IV. As with domestic animals, differ-
ences in sensitivity to the effects of atropine on the central nerv-
ous system may exist in elephants, especially when preexisting
pathology or abnormal physiological conditions are present.101

Information on the use of carfentanil for immobilization of free-
ranging elephants and other species is listed in Table 31.6.
Information on the use of etorphine in captive elephants and
other species is listed in Table 31.7.

Hippopotamus
Relatively little information is available on restraint and anesthe-
sia of hippopotamus. These large artiodactyls live in and around
rivers and shallow lakes and have raised eyes and nostrils that en-
able them to float partially submerged while viewing and breath-
ing. Their nostrils have valves, and a hippopotamus can remain
completely submerged for up to 4 min. Large males may weigh
up to 2800 kg. Etorphine can be administered IM at a total dose
of 2 to 6 mg alone to produce sedation and anesthesia. Adult cap-
tive hippopotamus have been administered etorphine (1 to 5
mg/kg) in combination with xylazine (70 to 80 µg/kg IM) or ace-
promazine (20 µg/kg IM) to produce chemical restraint.
Immobilization can be reversed with the administration of either
diprenorphine (3 µg/kg IM) or naltrexone (150 to 180 µg/kg IM).
Reversal reportedly occurs more rapidly with naltrexone admin-
istration (4 vs. 21 min).102 Animals will often seek the safety of
their water pools once injected and should be kept away from
water when immobilization procedures are attempted in a zoo or
wildlife-park facility. Phencyclidine (0.6 to 1.1 mg/kg IM) has
also been combined with xylazine or acepromazine to immobi-
lize free-ranging animals in large African parks. Many animals
have been injected while in the water or near it. It is reported that
animals that remain in water will float to the surface once se-
dated. These animals can be safely roped and hauled to the shore.
Animals have remained immobilized for approximately 40 min
after injection with these drug mixtures.30

Primates
Primates present many unique problems regarding their capture
and restraint. When kept in a zoo or other management facility,
it is beneficial to perform routine procedures on primates with
as little stress to the animal as possible. Consequently, many pri-
mates are being conditioned to cooperate with handlers volun-
tarily for routine blood draws, tranquilization, and administra-
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tion of IV medications and anesthetics.103 Outside of the labora-
tory situation, traditional capture and restraint techniques typi-
cally have to be employed as a prelude to anesthetizing nonhu-
man primates.

Oral benzodiazepines can be used to facilitate handling but
may produce unpredictable levels of sedation in many individu-
als.104 Oral sedation of chimpanzees can be successfully accom-
plished with Telazol (15 mg/kg) mixed with orange juice or
other liquids.105 An alternative sedative technique relies on the
use of potent oral and/or transmucosal opioids for sedation.
Chimpanzees have also been successfully sedated with droperi-
dol (1.25 to 2.5 mg orally) followed by the transmucosal admin-
istration of carfentanil (2.0 µg/kg). Within 40 min of carfentanil
exposure, chimps will usually become sedate enough to allow
IM hand injection of an anesthetic regimen like naltrexone-
tiletamine-zolazepam.106 A lollipop formulation of fentanyl (in-
tended dose, 10 to 15 µg/kg) has also been used to sedate cap-
tive orangutans (Pongo pygmaeus) and gorillas (Gorilla gorilla)

successfully but was found to be unreliable in chimpanzees (Pan
troglodytes).107

Medetomidine-ketamine combinations can be used to restrain
a wide variety of primate species. This combination induces a
rapid induction, stable immobilization, excellent relaxation, and
calm recoveries.108–111 �2-Agonist–dissociative combinations
have the advantage of being easily antagonized with atipamezole.
Telazol can also be used alone or in combination with an �2-
agonist to immobilize primates.

Captive primates are increasingly being trained to present their
arms for IV injections so that anesthetic induction agents such as
propofol are can be used for induction and maintenance.104

Inhalant anesthetics are often used for maintenance of longer pe-
riods of anesthesia. Most primate species are easily intubated by
using a laryngoscope and proper positioning. It is important to
note that primates have a very short trachea relative to many
other mammals and care should be taken not to intubate a main-
stem bronchus.
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Table 31.7. Intramuscular (IM) etorphine (M991) restraint of large, feral animals kept in captivity

Family Groups Suggested IM Drugs and Dosage Comments on Other Drugs Other Comments

Kangaroos and Etorphine 0.1 mg per 20 lb body wt Phenothiazine-derivative
wallabies tranquilizers are not effec-

tive for restraint.
Etorphine 1 mg per 200 lb Succinylcholine is effective No longer recommended.

but hazardous.
Elephants Etorphine 1 mg per 2000 lb body If this dosage is ineffective,

wt given intramuscularly further attempts for restraint 
should not be made for 1 day; 
then the dosage can be 
increased by half the original 
dosage.

Zebras and other Etorphine 1 mg per 200 lb body wt. Phenothiazine tranquilizers Care must be exercised not
wild equines Can be mixed with acepromazine are ineffective as sole to cause severe exertion and 

2 mg per 100 lb body wt restraint agents. excitement in these animals. 
A tie-up syndrome has been 
seen in sedentary individuals
that were exerted.

Camels and llamas Etorphine 2 mg per 500 lb body wt Emprosthotonic reflexes have
occurred.

Tapir Etorphine 1 mg per 100 lb body wt

Elk and large deer Etorphine 1 mg per 100 lb body wt This drug is not very effective 
in small deer.

Giraffes Etorphine 3 mg per 400 lb body wt Etorphine has variable effect
on giraffes. A relatively high 
dose is suggested because 
of the effectiveness of the
antagonist, cyprenorphine.

American bison Etorphine 1 mg per 200 lb body wt Great care must be taken with
herds because of their tendency
to charge a single downed
animal and human handlers.

From Sedgwick and Acosta.137



Ursids
Several anesthetic techniques have been used for capturing, im-
mobilizing, and anesthetizing bears. In the 1960s, investigators
reported on the use of �-chloralose mixed with honey to capture
black bears (Ursus americanus) in the field. The effective dose
for wild bears is 2 g per 3 to 8 kg of feed. Recovery usually oc-
curs between 8 and 10 h from the time of ingestion.112 More re-
cently, a number of favorable reports have been published on the
use of carfentanil mixed in small volumes of honey (5 to 20 mL)
administered incrementally to captured bears.113–115 This ap-
pears to be a promising technique for immobilizing a number of
bear species. The dose range for ingested carfentanil ranges from
7 to 17 µg/kg. The mean dose requirement is 8 to 10 µg/kg.
Muscle rigidity and oxygen desaturation were evident in some
bears, and, in one study, diazepam was administered to alleviate
muscle rigidity.113 Anesthesia in bears was effectively reversed
with naltrexone administration at a ratio of 100 mg/mg of carfen-
tanil ingested. A rapid return to mobility resulted within 10 min
of naltrexone administration.

Ketamine and xylazine combined in a ratio of approximately
2:1 on a per-milligram basis produces good anesthesia in captive
and wild black bears (Ursus americanus). The optimum dose
range is 4.5 to 9.0 mg/kg of ketamine and 2.0 to 4.5 mg/kg of xy-
lazine when injected IM. Smaller bears appear to be induced
more quickly. Supplemental injections have been used to main-
tain tractability for as long as 31 h.116 Free-ranging polar bears
(Ursus maritimus) can be immobilized with a concentrated solu-
tion of ketamine (200 mg/mL) plus xylazine (200 mg/mL). Cubs
apparently require approximately 3 mg of each drug per kilo-
gram of body weight, whereas adults require 7 mg/kg.117

Relatively low doses of medetomidine (0.03 to 0.06 mg/kg IM)
and ketamine (2.5 to 4.0 mg/kg IM) have also been used to im-
mobilize brown and polar bears (Table 31.1). More recently, free-
ranging bears have been immobilized with a combination of ei-
ther xylazine or medetomidine with Telazol. These studies
indicate that either xylazine (2 mg/kg IM) plus Telazol (3 mg/kg
IM) or medetomidine (50 µg/kg IM) plus Telazol (2 mg/kg IM)
provide rapid, smooth, reliable immobilization with adequate
analgesia that is reversible with atipamezole.118–121

As early as the 1960s, bears were being successfully anes-
thetized with thiopental, thiamylal, or pentobarbital sodium ad-
ministered IV in the cephalic or saphenous vein. A squeeze cage
facilitates the procedure. If this is not available, the caged ani-
mal is offered a favorite food; when it reaches for the food, the
paw is grasped by an assistant wearing gloves. A rope is tied
around the limb to act as a tourniquet and to distend the vein.
With this technique, 715 mg of pentobarbital provided surgical
anesthesia for a 35-kg Malayan sun bear for 2 h.122 Reportedly,
an average IV dose of 13.5 mg/kg of pentobarbital enables safe
handling and minor surgery of American and Himalayan black
bears.123 Following induction with an IV thiobarbiturate, anes-
thesia is maintained with either isoflurane or sevoflurane ad-
ministered via a muzzle mask or endotracheal tube–delivery
method. Inhalants are the preferred drugs for maintaining anes-
thesia for long procedures because they provide good reliable
muscle relaxation and more rapid emergence.115 As with most

large carnivorous animals, endotracheal intubation can be easily
accomplished.

Marsupials
Care should be used when catching and restraining kangaroos,
because the claws on their hind limbs are well developed and
sharp. Occasionally, a kangaroo will bite or claw with its
forepaws. For field capture of macropods in the 1970s and 1980s,
ketamine (3.0 mg/kg) was often combined with etorphine (0.005
mg/kg) and administered IM for immobilization.124 Immobili-
zation usually occurred within 3 to 4 min after injection. Keta-
mine has also been combined with xylazine (8 mg/kg IM of each)
to induce satisfactory anesthesia.125 Alternatively, Althesin has
been administered at the rate of 15 mg of total steroid per kilo-
gram IM for anesthesia and good muscle relaxation.

Generally, phenothiazine tranquilizers have a slow onset of
action in marsupials, and effects may last for 2 to 3 days. For
this reason, benzodiazepine tranquilizers such as midazolam

(0.2 mg/kg IM) have been considered a better and safer class of
drugs for tranquilization of marsupials.124 Because macropods
are prone to trauma-related injuries and capture myopathy, a
smooth and rapid induction is paramount. The two ideal combi-
nations that are currently used are medetomidine-ketamine and
tiletamine-zolazepam to achieve a rapid, smooth induction.
Medetomidine-ketamine holds the advantage of rapid reversal
with atipamezole, as well. Doses of medetomidine range from 40
to 70 µg/kg IM mixed with 4 to 7 mg/kg of ketamine IM for most
kangaroo species.2 As is typical, the recommended dose of ati-
pamezole is fivefold the medetomidine dose administered. The
Telazol dose varies from 2 to 8 mg/kg for a wide range of macro-
pod species. Once anesthetized with either combination, keta-
mine (1 to 2 mg/kg) can be administered IV to prolong anesthe-
sia. Propofol can also be administered IV to effect (6 to 8 mg/kg)
to achieve additional anesthesia. Larger kangaroos can be some-
what difficult to intubate.2

Red and gray kangaroos have been anesthetized by IV admin-
istration of thiopental in the recurrent tarsal vein. Small kanga-
roos (tammar wallabies and quokkas) are often anesthetized with
thiopental (28 mg/kg IV), intubated, and maintained with an in-
halant in oxygen.126 The rat kangaroo (Potorous tridactylus
Kerr), or potoroo, is a small species that can be picked up by the
tail. It will bite, kick, and scratch if not handled carefully. A large
plastic tube can be devised (6-inch diameter by 13 inches long)
with a slot in the end gate to enable access to the tail for
venipuncture. The vein, located at the lateral aspect of the base of
the tail, can be distended with a tourniquet. It has been appreci-
ated for several decades that rat kangaroos may have a lower tol-
erance to thiopental and pentobarbital anesthesia than many
other kangaroo species.127 Several drugs and older anesthetic
protocols successfully used for inducing anesthesia in marsupials
are listed in Table 31.8.

Possums and gliders belong to several marsupial families. Of
these marsupials, the most common species in captivity is the
sugar glider. These small marsupials are best anesthetized with
isoflurane in a chamber or mask. Alternatively, both ketamine
(20 mg/kg IM) alone or Telazol (5 to 6 mg/kg IM) alone can be
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used. Ketamine (20 to 25 mg/kg IM) and fentanyl-droperidol
(0.75 to 1.0 mL/kg IM) have both been used to immobilize opos-
sums satisfactorily for handling.128 Over the years, both in-
halants and pentobarbital sodium have been commonly used to
anesthetize this marsupial. Pentobarbital at a dose of 36 mg/kg,
produces satisfactory anesthesia when administered IV. IP injec-
tion, which is less reliable and provides a narrower margin of
safety, is no longer recommended. �-Chloralose has also been
safely used in opossums to produce long periods of anesthesia.
Induction is achieved with thiopental administered IV, followed
by �-chloralose administered at a dose of approximately 12 mg
IV every 2 h.

Inhalants can be administered via a closed system or via a
mask once an opossum is adequately sedate.129 For prolonged
procedures, thiopental can be given for induction of anesthesia
and intubation, followed by administration of isoflurane or sevo-
flurane. For smaller possum species, as for sugar gliders, cham-
ber induction with a fast-acting inhalant anesthetic (isoflurane or
sevoflurane) is the preferred technique, but depression of the cen-
tral nervous system may be difficult to assess when possums are
stressed (enter into a physiological sleep) and become nonre-
sponsive to external stimuli. For larger possum species, as well
as koalas, Telazol can be given in a dose range of 4 to 10 mg/kg
IM or 1 to 3 mg/kg IV.130 In free-ranging mountain possums,
Telazol was dosed IM as high as 20 to 30 mg/kg for rapid immo-
bilization.131 In another report, surgical anesthesia was achieved

in possums with 5 mg/kg IM of xylazine combined with keta-
mine at 20 to 30 mg/kg IM.132 Koalas have also been immobi-
lized safely and rapidly with alphaxalone-alphadolone (Althesin)
at doses of 3 to 6 mg/kg IM or 1 to 2 mg/kg IV.2,133

Insectivora
Hedgehogs
Hedgehogs and other insectivores, such as tenrecs, shrews, and
moles, are easily anesthetized with isoflurane or sevoflurane in
oxygen in an induction chamber or box. Anesthesia can be main-
tained with the inhalant delivered via a face mask or endotracheal
tube at a concentration ranging from 0.5% to 1.5% for isoflurane
and 2.5% to 3.5% for sevoflurane. Hedgehogs can be intubated
relatively easily. The most commonly used injectable anesthetic
is ketamine (5 to 20 mg/kg IM), alone or in combination with di-
azepam (0.5 to 2.0 mg/kg IM), xylazine (0.5 to 1.0 mg/kg IM),
or medetomidine (100 µg/kg IM) (Table 31.1). Telazol can also
be effective at a dose of 1 to 5 mg/kg IM. Hypothermia is a real
threat because of the hedgehog’s small body size. Fluids can be
given IV or SC in the loose tissue beneath the spines. SC fat may
account for up to 50% of the hedgehog’s body weight and can
cause delayed absorption of fluids and anesthetics when injected
in this tissue. IM injections require a needle length sufficient to
extend through fatty subcutaneous tissues. Either buprenorphine
(0.01 mg/kg) or butorphanol (0.2 to 0.4 mg/kg IM or SC) can be
administered to provide analgesic therapy following surgery.134
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Table 31.8. Sedation and anesthesia of marsupials

Agent Dose and Route Species and Comments

Azaperone, 40 mg/mL 2–4 mg/kg by IM injection Tranquilization in large macropods
Diazepam, 5 mg/mL 2–4 mg/kg IM or IV All marsupials; tranquilization or anticonvulsant 
Diazepam Oral (in feed) 2 mg/kg Tranquilization in all marsupials
Acepromazine 0.1 mg/kg IM Indications of some delayed effect (lasts some 

days); needs quiet and dark for some hours 
to have maximum effect

Ketamine HCl 20 mg/kg IM Monotremes for light surgical anesthesia
25 mg/kg IM Anesthesia (light) in dasyurids, macropods,

wombat, koala
30–50 mg/kg IM Phalangers for light anesthesia; variable;

give 30 mg/kg first and then, if insufficient, 
give additional 20 mg/kg

Thiopental 20 mg/kg as 2.5% or 5% solution All marsupials (tail veins usually easy to use)
(exactly as small animals) by
IV injection

Alphaxolone, 9 mg/mL 0.25–0.5 mL/kg IV to effect Macropods and phalangers; short duration, can
Alphadolone, 3 mg/mL top up; recover fast
Halothane Inhalation to effect Bell jar for tiny dasyurids; anesthetic machine

and mask or tube in larger species
Etorphine and combinations 0.5 mL of “large animal Immobilon” Only for capture; restricted availability; can cause 

per large kangaroo by IM projectile excitement and self-injury
Ketamine-xylazine 5 mg/kg ketamine; 2 mg/kg xylazine Capture of macropods

in same projectile

IM, intramuscular; IV, intravenous.
Adapted from Reddacliff.138
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Introduction
Chemical immobilization of free-ranging wildlife can be chal-
lenging. The nature of the procedure dictates that veterinarians
must ignore many of the principals that underlie good anesthetic
practice in other settings. It is generally not possible to access the

patients for a preanesthetic physical examination or laboratory
work. Physical status of the patients cannot be accurately as-
sessed, and generally animals are assumed to be healthy. Even if
physical status and anesthetic risk could be determined, generally
only a few effective protocols are available. Induction of anesthe-
sia in wildlife can be extremely stressful, and stress-related con-
ditions or injuries can result. Free-ranging wildlife are subject to
environmental hazards and are often at risk for hypothermia or
hyperthermia. Appropriate supportive care, such as controlled
ventilation, intravenous fluid therapy, or inotropic support, is
often not possible in field situations. Veterinarians may be re-
quired to work on species for which there is very little informa-
tion about their physiology or pharmacological response to
drugs. Extrapolation between similar species may be required,
but can result in unexpected complications. Issues of human
safety also must be considered. Given the challenges that are en-
countered during wildlife capture, it is not surprising that mor-
bidity and mortality of animals can be high and injury to people
engaged in the capturing procedure common.

Wildlife anesthesia should be a cooperative effort between bi-
ologists and veterinarians. A team approach is invaluable and
draws on the strengths of different backgrounds and training.
Veterinarians can play an important role in protocol develop-
ment, monitoring, supportive care, and stress reduction.
Additionally, because procedures performed on wildlife are be-
coming more invasive, provision of appropriate analgesia is an
important emerging role of veterinary care.

This chapter focuses on the major principals of wildlife cap-
ture and handling. It includes some drug recommendations for
commonly encountered wildlife, but it is beyond the scope of a
single chapter to provide complete dose recommendations for
terrestrial mammals. The Handbook of Wildlife Chemical Immo-
bilization is a very complete synopsis of currently recommended
dosages in most terrestrial mammals.1 The handbook is a valu-
able reference for anyone involved in wildlife capture. The au-
thors have retained parts of the original chapter from the third
edition of Lumb and Jones’ Veterinary Anesthesia, written by
Leon Nielsen, in this revised edition, and we acknowledge his
contribution.

Field Anesthesia
General Considerations
Wildlife capture is often required for research purposes. Capture
events should be carefully planned because, with careful fore-
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thought, complications can be anticipated and treatments better
prepared. Capture sites may be preplanned and chosen based on
their suitability. The capture can be planned at an appropriate time
of the year when environmental hazards are minimized. For ex-
ample, ungulates may be captured in late winter or spring to de-
crease the risk of hyperthermia and enable tracking in snow or
visualization of animals in deciduous forest. Often individual
animals are not targeted, and the capture team can choose any an-
imal in a relatively safe capture environment. It is generally pos-
sible to adhere to strict pursuit times. If it is not absolutely neces-
sary to capture the target animal, pursuit can be terminated to
decrease the risk of stress-related disease, such as exertional my-
opathy. Current literature and experts in the field can be consulted
prior to the capture event to ensure the most suitable technique is
used. It may be possible to close areas to the public where wildlife
are captured. Finally, appropriate equipment for monitoring and
supportive care should be obtained and taken into the field.

Wildlife capture, in management situations, takes place in a
much less controlled environment, which may be more haz-
ardous. It is becoming increasingly common to have to deal with
wildlife in urban environments that contain many hazards. Public
safety and crowd control can be issues. Management-related cap-
ture may be required at any time of the day or night and any time
of the year. Generally, a chase cannot be terminated, and injury
or myopathy may result. In most situations, attempts at capture
must continue until the animal is under control or destroyed.
These situations arise quickly and usually must be resolved
quickly. Often the personnel involved in capture are wildlife
managers such as wardens or conservation officers. A limited
choice of drugs may be available. In these situations, it is impor-
tant to use drug combinations with a rapid onset and a high mar-
gin of safety. Wildlife managers often need to deal with a variety
of species, and ideally a drug combination should be used that is
effective in a wide range of species.

Terrain
Choosing an ideal location for wildlife capture may not always
be possible. Ideally, the capture site should be open enough to en-
able good visualization of the animal during the induction period.
Particular attention should be paid to bodies of water, because
some species may enter the water after drug administration and
be at risk of drowning. Obvious risks are associated with moun-
tainous terrain (Fig. 32.1). Forest can be a particular hazard be-
cause animals may be very difficult to track beneath a forest
canopy. Telemetry darts may be useful in these situations. Some
species, such as black bears and mountain lions, may climb trees
to escape capture. Equipment should be available to cushion their
fall or to facilitate removing the animal from the tree. In an urban
environment, particular attention must be paid to traffic. It is
often advisable to enlist the help of law enforcement officers for
crowd and traffic control.

Weather
Weather conditions may dictate whether wildlife capture is pos-
sible. Helicopter work is generally not possible in high winds or
foggy conditions. Snow and rain can lead to hypothermia, partic-

ularly if wind is also present to enhance convective heat loss.
Smaller mammals may be particularly prone to hypothermia.
Several of the drug regimens used for wildlife capture can im-
pede thermoregulation and lead to hypothermia or hyperther-
mia.2,3 Hyperthermia is a serious complication that can be diffi-
cult to treat in field situations. When possible, captures should be
planned for the cooler hours of the day. In remote locations, sud-
den changes in weather may also be a hazard to personnel. It is
important to keep track of current and changing conditions dur-
ing planned events. Capture for management purposes may occur
at any time. Provision should be made to prevent heat loss and
actively cool animals, if required.

Equipment
Logistics and space limitations generally dictate what type of
equipment can be carried in a field situation. It is often difficult
to carry all but the most necessary pieces. Fortunately, there are
compact ambulatory monitors suitable for field use. Hypoxemia
is a common complication of wildlife anesthesia, particularly
with ruminants.4–10 Oxygen is fundamental supportive care dur-
ing anesthesia. Aluminum E and D cylinders, combined with a
sturdy regulator and flowmeter, are ideal for field use (Fig. 32.2).
Often, nasal insufflation of oxygen is adequate to treat hypox-
emia. In some situations, equipment for ventilatory support is
also recommended. It is difficult to carry a wide range of emer-
gency drugs or an adequate volume of crystalloid fluids to treat
shock. A basic emergency kit containing epinephrine, atropine,
lidocaine, and reversal agents should always be carried.
Equipment for airway support should also be included in an
emergency kit. Ruminants are predisposed to ruminal tympany. It
is wise to carry a suitably sized tube or hose to facilitate rumen
desufflation. Equipment should also be carried to treat lacera-
tions and other incidental injuries. Equipment should be carefully
chosen to withstand use in a field situation and to be as light-
weight and compact as possible.
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Fig. 32.1. Mountainous terrain carries the risk of sudden weather
changes, avalanches, loss of the animal under the forest canopy, and
falls from cliffs or steep slopes.



Capture Technique
An animal may be captured initially by physical or chemical
means. The choice of capture technique depends on the species,
the terrain, the facilities, and the experience of the capture crew.
Many species of ungulates can be effectively captured and han-
dled by experienced teams with physical techniques such as net
guns.11–13 Physical restraint can be very stressful for wild ani-
mals, and methods need to be developed to reduce stress. Seda-
tives or anesthetics can be used to decrease the stress of handling
once animals have been netted.13 Net gunning can cause high
rates of mortality if it is performed by inexperienced personnel.
The risk to capture personnel can also be high. Jessup et al.14 re-
ported that, over a 12-year period in New Zealand, there were
127 helicopter crashes and 25 human fatalities during net-gun
capture of red deer. These figures stress the need for experienced
pilots and capture personnel. The terrain may dictate the choice
of capture technique (Fig. 32.3). Grizzly bears can be effectively
darted from a helicopter in open Alpine areas. This technique is
less effective in forested parts of their range. In forested areas, it
is often safer to capture the animal first with a snare or culvert
trap, followed by remote delivery of anesthetics. The use of phys-
ical restraint will confine an animal’s movements during the in-
duction of anesthesia. Physical restraint can induce greater stress
than chemical restraint.15 Generally, physical restraint should be
of brief duration to avoid stress-related complications.

Target and Nontarget Species
Prior to embarking on a capture session, it is important to be-
come as familiar as possible with the target species. This can in-
clude a search of current literature and texts. Ideally, experts in
the field should be consulted to determine the most suitable tech-
nique and supportive care for the target species. In research-
related captures, it may not be a particular individual that re-
quires capture (i.e., a certain gender or age class may be the
target). This gives researchers some leeway to choose animals in

an ideal capture situation. Nontarget animals may include cap-
ture of the right species, but the wrong gender or age class. If
traps are used, nontarget species may be caught. Researchers
need to anticipate which nontarget species may be trapped and be
familiar with the best current techniques for anesthesia of these
species. Wildlife managers need to be familiar with techniques
for all the species that they may encounter in their work. In man-
agement situations, a technique that facilitates anesthesia in a va-
riety of species is often preferable.

Other Hazards
A number of hazards can be encountered during anesthesia of
free-ranging wildlife. It is important to perform a risk assessment
prior to embarking on a project. Potential risks should be identi-
fied and steps taken to reduce risk. The target species can pose a
risk. There are the obvious risks of serious injury from large car-
nivores. Ungulates can also act aggressively, and injury may also
occur from flailing limbs or heads in lightly anesthetized ani-
mals. Smaller carnivores can inflict serious injuries if they are
not handled properly. It is important to know how a species will
act in a stressful situation. It is also important to leave an exit for
the animal and an exit for the capture personnel. Many species
carry zoonotic disease, so capture personnel should be aware of
potential zoonotic disease and handle the animal in an appropri-
ate manner.

A firearm backup is important with more dangerous species
(Fig. 32.4). The primary person performing the backup should be
trained and experienced in the use of firearms, and an appropri-
ate firearm should be used. If firearms are commonly used, all
members of the capture team should receive firearm safety train-
ing. Similar training is advisable for people using dart rifles or
dart pistols. Since helicopters can be hazardous, appropriate
training and protective equipment, such as helmets, will help to
minimize the risk of injury.

The environment itself can be hazardous. Capture may occur

Chemical Immobilization of Free-Ranging Terrestrial Mammals ● 809

Fig. 32.2. Portable oxygen cylinders and sturdy regulators will
greatly facilitate oxygen delivery in field situations.

Fig. 32.3. A skilled pilot is required for effective aerial capture.
Everyone working around helicopters should receive appropriate
training.



in remote locations. In these situations, capture personnel must
be prepared to look after themselves if they cannot return to a
base area. A method of communication with rescue services may
need to be established. In some environments, weather can
change rapidly and will often dictate whether capture can take
place. There are hazards specific to the terrain and region; for in-
stance, capture personnel should receive avalanche training be-
fore working in mountainous regions with an avalanche risk. It is
important to anticipate risks in any environment.

Pharmaceuticals used for wildlife anesthesia can present a se-
rious human health hazard because of their high potency and
concentrated formulations. Potent narcotics, such as carfentanil,
etorphine, and thiafentanil, can induce serious toxicity in peo-
ple.16 These drugs must be handled with extreme caution. Protec-
tive clothing, such as disposable gloves or face shields, should be
used to prevent skin or mucous membrane contact. A pharmaco-
logical antagonist should be available to treat human exposure.
Potent narcotics receive a great deal of attention, but any concen-
trated sedative or anesthetic must be treated with respect.
Medetomidine can be formulated at a concentration of 10 mg/mL
(Zalopine; Orion Pharma Animal Health, Turku, Finland) for use
in wildlife. Dexmedetomidine, which is used at a dose of 1 to 2
µg/kg in people,17 is approximately twice as potent as medetomi-
dine, because levomedetomidine has no clinical effects.18 This
dose would be equivalent to 2 to 4 µg of medetomidine per 1 kg
of body weight or a total of 150 to 300 µg in a 75-kg person. The
high end of this dose range is equivalent to 0.03 mL of Zalopine.
Obviously, there is the risk of toxicity from exposure to a very
low volume of Zalopine. Telazol (tiletamine-zolazepam) is an-
other immobilizing mixture that can be delivered in a concen-
trated form and therefore must also be handled with caution.
Everyone working on a capture team should be trained in first
aid, and equipment should be available to provide respiratory and
airway support in the hands of trained personnel.

Prior to any capture, it is advisable to meet with local medical
personnel and discuss an evacuation and treatment plan in the
face of drug exposure. A meeting of this nature will familiarize
physicians and emergency medical services personnel with the
drugs that are being used and the potential treatments. In the
event of an emergency, this can save valuable time and some-
one’s life.

Remote Drug-Delivery Equipment
Wildlife capture often requires remote drug delivery, often over
relatively long distances. Generally, it is difficult to deliver drugs
accurately at distances greater than 40 m. There have been major
advances in the equipment available for remote drug delivery. It
is important to realize that these systems have the potential to
produce serious injury or death if they are used inappropriately.
The major sources of injury arise from dart-impact trauma, high-
velocity injection of dart contents, and inaccurate dart placement
(Fig. 32.5). Dart-impact trauma results from dispersion of energy
on dart impact. Impact kinetic energy is represented by the fol-
lowing equation: KE = 1/2M � V2, where M = mass of the dart
and V = velocity.1 High velocity is the major factor that will
cause trauma. A good general rule is to use the lowest velocity
that will provide an accurate trajectory at a given distance.
Practice with a darting system at a variety of distances is vital to
minimize velocity. The other major factor is the mass of the dart.
Darts with a lower mass will have less impact energy at a given
velocity. This should be a consideration in the choice of a darting
system, particularly when dealing with smaller animals that are
more prone to trauma.

Inaccurate dart placement can cause injury. This most fre-
quently occurs if darts penetrate the abdomen, thorax, or vital
structures of the head and neck. The major factors that can lead
to inaccurate dart placement include a lack of practice with the
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Fig. 32.4. A firearm backup is vital when potentially dangerous ani-
mals are approached. In this picture, one fish-and-wildlife officer is
focused on the target bear. The other officer is scanning the vicinity
for other bears.

Fig. 32.5. Postmortem image of a hematoma caused by a high-
velocity injection of Telazol into the forelimb of a polar bear. The drug
was delivered via an explosive discharge mechanism.



darting system, an attempt to place a dart over an excessive
range, and inherent inaccuracy of the darting system.

The final source of injury is related to high-velocity injection
of dart contents. Systems that expel drug via an explosive charge
can disrupt tissue and produce trauma. These systems should
only be used on large, well-muscled animals (Fig. 32.6).
Injection volume should be minimized to decrease the degree of
tissue trauma. When possible, the use of darts that deliver their
contents via compressed air should be considered to minimize
trauma. The choice of system depends on the range required, the
dart size, and individual characteristics of the target animal. The
next section is a general discussion of remote delivery equip-
ment. A more complete review can be found elsewhere.19 A fur-
ther review and manufacturer information can be found in the
Handbook of Wildlife Chemical Immobilization.1

Pole Syringe
This is a simple device that can be used to extend reach for in-
jection. In its simplest form, the pole is an extension of the sy-
ringe plunger, with the barrel of the syringe covering the end 
of the pole. It is typically used on confined animals (e.g., ani-
mals confined in traps or cages) or can be used to top up anes-
thesia in recumbent, but lightly anesthetized, animals. It is gen-
erally used on approach to the animal before initial contact is
made (Fig. 32.7).

Pole syringes vary in length, but generally do not exceed 3 or
4 m. These can be simple homemade devices that consist of a dis-
posable syringe attached to the tip of a wooden or plastic pole, or
they may be commercial products. Commercial pole syringes
come in a variety of designs. It is generally advantageous to se-
lect a pole syringe that can be disassembled into segments for
transport and storage. Another factor to consider is ease of clean-
ing. Some devices use a disposable syringe that facilitates the use
of proper aseptic technique. It is preferable to select a device that
has a variety of syringe heads to facilitate accurate delivery of a
variety of volumes.

Blowgun
This is the most basic of all remote drug-delivery systems. By
blowing into a 1- to 2-m pipe, a trained operator can accurately
propel a lightweight (3 to 5 mL) drug dart up to 10 or 15 m. The
blowgun is useful as a short-range, limited-volume, drug-
delivery system. It is commonly used in zoo work, wildlife res-
cue, and urban animal-control work (Fig. 32.8). The blowgun is
nearly silent, uncomplicated to use and maintain, and well suited
for immobilization of smaller animals. Because of their light
weight, limited mass, and low velocity, blowgun darts cause min-
imal impact damage and tissue trauma. The discharge mecha-
nism in most blowgun darts is compressed air or butane gas (Fig.
32.9). Practice with the blowgun is required before range and ac-
curacy can be attained. Leaky darts can be hazardous to the op-
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Fig. 32.6. In most species, darts should be placed in the large mus-
cle mass of the hind limb. This facilitates drug absorption and de-
creases the risk of trauma to vital structures. Fig. 32.7. The pole syringe is useful for drug delivery in caged or

trapped animals. It can be used cautiously, as in this image, to facili-
tate additional drug administration in lightly anesthetized, but recum-
bent, animals.

Fig. 32.8. Blowguns are useful for distances of up to 10 m. They are
quiet and produce minimal trauma to animals. They are most useful
in caged, snared, or treed animals.



erator, and pressurized darts should be carefully inspected before
loading. Several excellent systems are commercially available,
but they can also be manufactured inexpensively from disposable
syringes and plastic or conduit pipes.

Power Projection Systems
A variety of systems are commercially available to propel darts
up to 50 m. Rifles are available that propel the dart via a .22-
caliber powder charge, carbon dioxide (CO2) gas, or compressed
air. Pistols generally use CO2 or compressed air.

Powder-Charged Projectors
These systems use the gas expansion from a fired .22-caliber
charge to propel the drug dart. There are two basic types of this
projector. The first uses different .22-caliber charges to compen-
sate for various distances. The Palmer rifle (Palmer Chemical
and Equipment, Douglasville, GA) is a good example of this
technology. It is very important that the correct charge be used
for the dart size and distance, and that the manufacturer’s rec-
ommendations are followed. The use of long-range charges at
short distances can produce serious trauma. Dart velocity may
also be regulated by pushing the dart farther down the barrel of
the projector. The farther the dart is moved toward the muzzle,
the lower will be its velocity. A rod with markings for different
settings and distances is useful for consistency in positioning the
dart in the barrel. This method can be useful when darting at
short distances.

The second type of powder projector vents the gas from a sin-
gle blank .22-caliber charge through a ported velocity control. By
adjusting the velocity control, the range of the dart can be regu-
lated in accordance with dart size and distance. This system af-
fords greater versatility and faster operation in cases where the
distance to the animal may change frequently or suddenly. It re-
quires practice at a variety of settings to become an effective

marksperson, and the velocity control must be kept clean to
maintain consistency and accuracy. Paxarms (Timaru, New Zea-
land) and Pneu-Dart (Williamsport, PA) manufacture systems
that use this technology.

Compressed Gas–Powered Projectors
These systems typically use compressed air or CO2 to propel
darts 5 to 50 m. They are manufactured in the form of pistols,
rifles, and pistol grips that can be attached to a blowgun, and
are available from a variety of companies worldwide. CO2-
powered projectors use gas from a CO2 cartridge to propel the
drug dart. Only fresh CO2 cartridges should be used. Projectors
should be stored according to the manufacturer’s recommenda-
tions because some units must be stored cocked to preserve the
O-rings.

Compressed air–powered projectors use compressed air from
a tank or pump to propel the dart. A control valve and/or gauge
on the projector, pump, or tank provide a means of regulating the
air pressure for dart size and distance. Air-propulsion systems are
often used in connection with blowgun components and to pro-
pel lightweight drug darts short to medium distances.

Darts
Darts must deliver their contents into a muscle group on impact.
There are three major systems in common use to facilitate drug
injection. Choice of these systems will depend on the situation
and the size of the animal. Darts that use an explosive discharge
mechanism can produce considerable muscle trauma and should
be reserved for large, well-muscled animals.

Explosive Discharge Mechanisms
These darts have an aluminum or plastic body into which a small
explosive cap is placed between the plunger and the tail. Upon
impact, a firing pin inside the cap is forced forward, against the
resistance of a spring, detonating the charge. The expanding gas
pushes the plunger forward, and the drug is expelled through the
needle. The speed of injection, 0.001 s, may cause tissue dam-
age.19 The explosive caps are very sensitive to moisture and must
be kept dry. When placed in the dart, the cap must have its open
end against the tail. If it is turned around, detonation and expul-
sion of the drug will occur at the moment the projector is fired
(Fig. 32.9).

If reusable darts are used, the fit of the dart should be tested by
inserting the dart in the muzzle. If it slides in and out with ease,
the dart is not deformed and can be loaded. If the dart jams in the
muzzle, the dart barrel is deformed and should not be reloaded.
With repeated use, the dart barrel may expand where the alu-
minum is weakened by the threads cut into it. This is caused by
the high pressure created in the dart when gases from the explo-
sive charge push the plunger forward at great speed. All of the
darts with explosive discharge mechanisms inject through the tip
of the needle. The needle should be barbed so that it stays in the
animal during injection. If there is no barb or if the barb is re-
moved, the force of the frontal expulsion of the drug is often suf-
ficiently powerful to drive the dart out of the animal with only
partial injection.
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Fig. 32.9. A: Dart with explosive discharge mechanism. B: Dart 
with air-activated drug-discharge mechanism. C: Dart with coil
spring–activated drug-discharge mechanism.
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Air-Activated Mechanisms
These darts consist of an aluminum or plastic body into which air
is introduced through a one-way valve in the tail piece and com-
pressed behind the plunger. At impact, a silicone seal is dis-
placed, exposing a port in the side of the needle. The plunger is
pushed forward by air pressure, and the drug is expelled through
the port (Fig. 32.9). Depending on the type and usage, plastic
darts can be used repeatedly, but will eventually begin to leak or
lose air pressure. In extreme cold, the drug may freeze inside the
dart; therefore, darts should be kept warm in a secure container
placed in an inside pocket or in a heated vehicle or helicopter
until used.

Spring-Activated Discharge Mechanisms
These darts consist of an aluminum or plastic body that contains
a coil spring behind the plunger. After the drug is loaded into the
front of the dart, a rubber seal is placed over the needle tip. The
tail piece with the coil spring is then screwed into the dart, com-
pressing the spring behind the plunger. Upon impact, the needle
tip penetrates the rubber seal, and the coil spring pushes the
plunger forward, expelling the drug (Fig. 32.9).

Pharmacology
Ideal Drug Combination
Wildlife immobilization has progressed a great deal in recent
years. A variety of drugs are available to facilitate capture and
handling, and new techniques continue to develop. If an ideal
drug combination could be developed, it would need to possess
most of the properties listed here:

Rapid Onset of Activity
A rapid effect is one of the most important attributes required in
a capture drug. The induction period is a hazardous time.
Handlers and bystanders may be at risk of injury if induction is
prolonged. Rapid onset will limit the risks of trauma, hyperther-
mia, and possibly capture myopathy. Ideally, the animal should
be immobilized within 1 to 5 min after injection. Practically,
most current combinations can take longer than 5 min to induce
anesthesia.

High Margin of Safety
Drugs used for wildlife capture must have a high margin of
safety. It is difficult to transport supportive equipment into the
field; therefore, capture drugs should produce minimal car-
diopulmonary depression. Wild animals are not weighed prior to
capture, and it is not uncommon to overestimate weight. Capture
drugs must have a high therapeutic index to decrease the risk of
mortality from overdose.

Handler Safety
Precautions must always be taken to avoid exposure to potent
drugs. Ideally, drugs should be relatively safe to handle, with
minimum risks of intoxication if the handler contacts the drug.
The ability to antagonize the effects of the drug is also desirable
in field situations.

Small Volume of Delivery
Capture drugs should be potent and concentrated enough to facil-
itate delivery at low volumes (ideally, <3 mL). This decreases the
risk of injection trauma from high-velocity injection and facili-
tates accurate dart flight.

Narcosis
The animal should loose consciousness and be unaware of its
surroundings.

Ability to Antagonize Immobilization
Free-ranging wildlife often live in an environment full of poten-
tial hazards, so they must be cared for until they are fully awake.
A pharmacological antagonist should be available because the
ability to antagonize immobilization will speed recovery and is
also of value in emergency situations. Because it can be difficult
to provide supportive care, complications such as hyperthermia
can become life threatening, and antagonism of immobilization
may be the only viable option in managing unexpected com-
plications.

Versatility
Wildlife managers often deal with a variety of species. Thus, an
ideal drug combination could be used, with predictable effects, in
a wide range of species. This limits the variety of drugs required
to be kept on hand and leads to familiarity with the effects of the
combination most commonly used.

Drug Stability
Wildlife capture may need to be performed in a wide range of
ambient temperatures. Ideally, drugs should remain stable, in so-
lution, over a wide range of ambient temperatures.

Analgesia
In recent years, it has become more common to perform poten-
tially painful procedures during wildlife handling. These proce-
dures can include ear tagging, tooth removal, biopsies, and even
surgery for abdominal or subcutaneous implant placement. These
situations dictate that appropriate intraoperative and postopera-
tive analgesia must be provided.

Paralytic Agents
These have been used in wildlife capture for thousands of years.
Remote delivery of curare was used by South American hunters
to procure game. Early work by wildlife researchers used nonde-
polarizing muscle relaxants, such as tubocurarine and gallamine.
Succinylcholine, a depolarizing muscle relaxant, has also been
used for wildlife capture. Nicotine alkaloids stimulate autonomic
ganglia to produce paralysis.

All neuromuscular junction–blocking agents produce immobi-
lization via paralysis of skeletal muscle. The dosage must be ade-
quate to provide a locomotor block, while sparing diaphragmatic
function. Obviously, this technique has a very narrow margin of
safety. Animals immobilized with paralytic agents are conscious
and under considerable stress. The use of paralytics, as the sole
agent for wildlife capture, is considered inhumane and is no longer
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acceptable. Fortunately, a variety of safer and more humane tech-
niques are available to facilitate wildlife capture and handling.

Opioids
A variety of opioids have been used for wildlife capture. Opioids
can be used in a wide range of species, but are particularly effec-
tive in ungulates. The opioids produce analgesia and sedation,
but lack muscle-relaxant properties. They have been used alone
or, more often, with the addition of a neuroleptic agent, the inclu-
sion of which potentiates the opioid, produces a smoother induc-
tion by counteracting the excitatory state associated with opioid
induction, and decreases muscle rigidity. Opioids are predictable
in action, act relatively fast, and can be reversed with the admin-
istration of a suitable antagonist. If not reversed, the duration of
immobilization is lengthy, often several hours, during which the
animal is at risk from opioid-induced respiratory depression and
environmental hazards. Underdosing of opioids can result in a
prolonged induction time, characterized by central nervous sys-
tem (CNS) excitation, which can cause hyperthermia, exhaus-
tion, lost animals, and/or death of the animal. The side effects of
opioid-induced immobilization include

1. Excitation after administration, resulting in aimless running,
pacing, or walking, which may lead to hyperthermia or cap-
ture myopathy20

2. Regurgitation of ruminal content or vomiting, with the risk of
regurgitation increased when carfentanil is combined with
xylazine21

3. Severe respiratory depression and hypoxemia4,8

4. Muscle rigidity20

5. Renarcotization20,22,23

Many of these drugs are extremely potent and must be handled
carefully to avoid accidental human exposure.16,24,25

Carfentanil
This has been used for wildlife captures since the early 1980s.
The commercial preparation, produced by ZooPharm (Fort
Collins, CO), is available at a concentration of 3 mg/mL. Carfen-
tanil is approximately 8000 times as potent as morphine, making
the commercial preparation very effective at low volumes of ad-
ministration. Carfentanil is particularly useful in ungulates, but
has also been used in large carnivores.1,26–28 Advantages of car-
fentanil include a rapid onset of activity, reliability, potency, and
reliable reversal if an appropriate antagonist is used. The use of
carfentanil alone can cause muscle rigidity; therefore, it is often
combined with a sedative agent with muscle-relaxant properties,
such as xylazine.20 There are disadvantages of using this combi-
nation in moose, because the addition of xylazine to carfentanil
may produce an increased incidence of aspiration pneumonia.21

Carfentanil has a relatively long action. Carfentanil-induced
immobilization should be antagonized with an appropriate antag-
onist. If the duration of the antagonist is shorter than that of car-
fentanil, renarcotization can result. Naltrexone should be used
for reversal of carfentanil, because renarcotization has been re-
ported following antagonism with naloxone, diprenorphine, and
nalmefene.22,23 Other adverse effects of carfentanil-based combi-

nations include respiratory depression, hypoxemia, hypertension,
CNS excitation, and hyperthermia.4,8,29

Etorphine
Etorphine hydrochloride has been used successfully in many
species, but has been particularly effective in ungulates, rhinoc-
eroses, and elephants. Etorphine, which is approximately 21/2

times less potent than carfentanil, can be used alone or in combi-
nation with a suitable neuroleptic synergist. Induction course, in-
duction time, and immobilization duration are dose dependent.
Underdosing can cause excitation, with associated problems. At
optimum doses, the first effects may be observed 3 to 8 min after
intramuscular injection. The full effect may be reached in 20 to
30 min. Recovery is slow (up to 7 or 8 h) if no antagonist is
given. When an antagonist is administered, animals will recover
in 1 to 3 min after intravenous injection and in 5 to 10 min fol-
lowing intramuscular injection. The most serious side effect is
respiratory depression. For that reason, an animal should not be
kept immobilized longer than necessary, and drug effect should
be reversed as soon as possible. Other side effects are often dose
or species dependent and may include excitement, muscle
tremors, convulsions, regurgitation, bloat, bradycardia, tachycar-
dia, hypertension, hyperthermia, and renarcotization.

Thiafentanil (A-3080)
This is a potent narcotic that has some potential advantages over
carfentanil. Thiafentanil is approximately 6000 times as potent as
morphine (vs. 8000 for carfentanil)30 and has a higher therapeu-
tic index than carfentanil in some species (48 vs. 16 in domestic
ferrets).30 The major advantages of thiafentanil are a more rapid
onset and a briefer action than carfentanil, which should result in
a lower incidence of renarcotization.30 Thiafentanil is not yet
commercially available, but its use has been described in a vari-
ety of species.5,30–33 It has been used alone or in combination
with �2-adrenergic agonists.31–33 Side effects are similar to those
of other narcotics and include respiratory depression and hypox-
emia.31 Reports have detailed the use of thiafentanil combined
with medetomidine and ketamine.5,32 This is a promising combi-
nation that appears to be efficacious and have fewer side effects
than does high-dose narcotic anesthesia.5,32

Opioid Antagonists
A major advantage of opioid-based anesthesia is the ability to an-
tagonize the opioid and rapidly reverse immobilization. To be ef-
fective, the antagonist should outlast the agonist drug and ideally
be highly selective for the desired receptor type(s). Three drugs
are commonly used for this purpose: naltrexone, naloxone, and
diprenorphine. Naltrexone is probably the most versatile drug,
with the lowest risk of renarcotization.

Naltrexone
This is commercially available in a 50-mg/mL concentration. It
is a pure opioid antagonist that will produce rapid antagonism of
µ opioid receptor agonists. The major advantage of naltrexone is
that it will produce reliable antagonism of longer-acting opioids,
such as carfentanil. A study comparing carfentanil reversal with
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nalmefene, diprenorphine, and naltrexone demonstrated renarco-
tization with diprenorphine and nalmefene.22 Naltrexone has
been recommended at a dose of 100:1 (naltrexone-carfentanil).
The drug is active following intramuscular and intravenous ad-
ministration. A more rapid antagonism will occur if the drug is
administered intravenously.

Naloxone
Naloxone hydrochloride is a pure narcotic antagonist (i.e., it has
no known agonistic properties). It may be used to reverse the ef-
fects of all the aforementioned opioids, and reversal occurs
within 1 to 3 min of intravenous injection. Naloxone has a short
half-life; therefore, animals may revert to a state of immobiliza-
tion within a few hours and require repeated treatment with
naloxone. Renarcotization has been noted in field studies that
used naloxone as an antagonist for carfentanil.23 A low dose of
naloxone (2 µg/µg carfentanil intravenously) has been shown to
improve oxygenation while maintaining immobilization in elk.4

Diprenorphine
Diprenorphine hydrochloride (M50-50; Lemmon, Sellersville,
PA) is the antagonist used to reverse the effects of etorphine.
While relative to etorphine as an antagonist, it does have agonis-
tic properties of its own. Reversal is rapid following intravenous
injection, with animals becoming ambulatory in 1 to 3 min. If the
antagonist is injected intramuscularly, reversal takes longer (up
to 15 to 20 min). Side effects are rare, although overdosing may
cause continued immobilization because of its partial agonist ac-
tivity. Following accidental human exposure to etorphine,
diprenorphine hydrochloride should not be used as an antagonist
because of its agonist effects. Naloxone or naltrexone are the pre-
ferred human antagonists.

Cyclohexamines
These produce a state of dissociative anesthesia. Phencyclidine
hydrochloride was the first drug in this class used for wildlife cap-
ture. The cyclohexamines, used alone, produce muscle rigidity or
twitching. Other side effects are hyperthermia, excessive saliva-
tion, catecholamine release, and convulsions. The cyclohexa-
mines act fast, have a relatively wide margin of safety, and depress
respiration and circulation only moderately at optimum doses.
Laryngeal reflexes are somewhat preserved with these agents.

Cyclohexamines may be used alone in some species, but the ef-
fects of the addition of a benzodiazepine or �2-adrenergic agonist
will be additive or synergistic with the cyclohexamine, produce a
smoother induction and recovery, and alleviate the muscle rigid-
ity common to dissociative anesthesia.2 The cyclohexamines have
been used in a wide variety of species, but are particularly known
for their effectiveness in carnivores, bears, primates, and birds.
There are no known antagonists for this class of drugs. The drugs
in this category include ketamine and the tiletamine-zolazepam
combination (Telazol; Fort Dodge Laboratories, Fort Dodge, IA).

Ketamine
Ketamine hydrochloride is a dissociative anesthetic commer-
cially available in 10-, 50-, and 100-mg/mL aqueous solutions.

Since these concentrations may be too low for efficient delivery
to larger species, it may be lyophilized and reconstituted at 200
mg/mL. Ketamine should never be used as the sole immobilizing
agent. A tranquilizer-sedative should be used in almost all cases
to reduce or prevent its hypertonic effects. Ketamine has been
used successfully in many species, and doses vary widely from
one species to another. Induction time and immobilization dura-
tion are dose and species dependent. At optimum doses, the first
effects are observed in 2 to 5 min following intramuscular injec-
tion, with the full effects reached in 5 to 10 min. Immobilization
usually lasts from 45 min to 2 h. Side effects of ketamine immo-
bilization may include convulsions, catatonia, apnea, excessive
salivation, and hyperthermia as a consequence of catatonia.
Many of these side effects can be negated by adding a benzodi-
azepine or �2-adrenergic agonist. Medetomidine-ketamine has
some advantages over xylazine-ketamine because a lower dose of
ketamine is usually required.34 This will result in smaller injec-
tion volumes and the ability to antagonize the medetomidine with
fewer adverse side effects from the remaining ketamine.
Ketamine-based combinations are unreliable in bears. Sudden re-
coveries have been encountered with xylazine-ketamine and
medetomidine-ketamine in brown and polar bears.34,35

Tiletamine-Zolazepam
A commercial preparation of tiletamine, a dissociative anes-
thetic, and zolazepam, a benzodiazepine drug, is available as a
freeze-dried powder (Telazol). It is effective in a variety of
species and, at optimum doses, first effects may be noticeable
within 1 or 2 min of intramuscular injection, with full effects
reached within 15 to 30 min. The induction is usually smooth,
with good muscle relaxation and somatic analgesia. The duration
varies with species, but may persist for several hours. Because
tiletamine and zolazepam are metabolized at different rates, the
quality of emergence and duration of recovery may be affected.
Recovery occurs in 3 to 8 h in most cases, but may be prolonged
in some species.

Tiletamine-zolazepam combinations may cause hypertension
and increase heart rate and cardiac output. Other effects are sali-
vation, occasional muscle rigidity, and hyperthermia (particularly
if the mixture is combined with an �2-adrenergic agonist).35–38

Telazol has been used alone in a variety of species.39 It is very
effective in carnivores, and recovery tends to be smooth, but 
can be prolonged. The use of Telazol alone in ungulates can re-
sult in rough recoveries. Reconstitution of Telazol with an �2-
adrenergic agonist will decrease the volume injected, enhance
analgesia, and decrease recovery times following antagonism of
the �2-adrenergic agonist.35–38 These combinations will produce
a better quality of immobilization and recovery, particularly in
ungulates.7,40,41 Generally, the addition of an �2-adrenergic ago-
nist will greatly decrease Telazol requirements. In polar bears,
the Telazol requirement was reduced by up to 75%.35,36

�2-Adrenergic Agonists
These are CNS depressants with sedative, muscle relaxant, and
analgesic properties. Used alone, �2-adrenergic agonists pro-
duce unreliable immobilization. They are best used in combina-
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tion with opioids or dissociative anesthetics. When used in high
dosages, �2-adrenergic agonists may critically depress respira-
tion and circulation. Commonly encountered side effects in-
clude hypoxemia in ungulates and hypertension with or without
bradycardia.6–9,34,36,37,42 These agents can also contribute to ru-
minal tympany and regurgitation in ungulates.7,21 In very ex-
cited animals, they do not produce a satisfactory level of immo-
bilization. They also disrupt thermoregulatory mechanisms,
leading to hyperthermia or hypothermia.2,36,37 Recovery, with-
out reversal, from high doses is usually prolonged and difficult.
In field situations, it is generally recommended that the effects
of �2-adrenergic agonists be antagonized at the completion of
the procedure.

Xylazine
This is commonly available in 20- and 100-mg/mL aqueous so-
lutions. It is also available as a powder and as 300-mg/mL solu-
tion specifically for wildlife capture. The 20-mg/mL solution is
too dilute to be useful for remote injection.

When administered alone, xylazine does not produce reliably
immobilized free-ranging wildlife. Its effectiveness appears to be
decreased in excited or stressed animals. It may appear to induce
a recumbent sleeplike or anesthetic-like state; however, stimula-
tion may cause rapid arousal with defense responses intact. In
calm animals, the initial effect may be seen within 4 to 5 min of
intramuscular injection, with full effect reached within 15 to 20
min. Adverse effects can include hypoxemia, bradycardia, hy-
potension, ruminal tympany, and decreased thermoregulatory
ability.

Xylazine has been used effectively as a synergist with opioids
and cyclohexamines. The inclusion of xylazine has decreased
dose requirements of the primary immobilizing drugs, produced
a faster and smoother induction, and countered some of the un-
desirable side effects of these drugs. The response to high doses
of xylazine may conceal a recovery from the primary immobiliz-
ing drug and place workers at risk if the animal is suddenly
aroused by noises, touch, or other stimulation.

The effects of xylazine may be reversed with the administra-
tion of an �2-adrenergic antagonist. In general, 1 mg of atipame-
zole is required to antagonize 10 mg of xylazine. If xylazine is
used in combination with a cyclohexamine, its effects should not
be reversed before the animal has metabolized a significant frac-
tion of the latter drug, in order to avoid the side effects of the cy-
clohexamine.

Xylazine is typically used intramuscularly for wildlife immo-
bilization. Intranasal administration of xylazine can be beneficial
to decrease stress and struggling following net-gun capture.13

This route has a rapid onset of activity and is simple to adminis-
ter in physically restrained animals.13

Detomidine
Detomidine hydrochloride is available in a 10-mg/mL solution.
The effects of detomidine have been well studied in horses, but
information on its use for immobilization of captive and free-
ranging wild animals is somewhat limited. It has been combined
with etorphine in rhinoceros and has proven to be effective in ze-

bras when combined with carfentanil and ketamine.43,44 The ac-
tion of detomidine is much like that of xylazine. Its effects may
be reversed by an appropriate �2-adrenergic antagonist. In gen-
eral, 1 to 3 mg of atipamezole should be used to antagonize 1 mg
of detomidine.

Medetomidine
Medetomidine hydrochloride is a potent �2-adrenergic agonist
that has proven to be a very useful drug for wildlife capture. The
1-mg/mL formulation is suitable for use in small mammals, but
is too dilute for use in larger species. Medetomidine is also avail-
able in 10 mg/mL (Zalopine; Orion Pharma Animal Health) and
20 mg/mL (ZooPharm) concentrations. The latter concentrations
are adequate for capture of most large land mammals. Medeto-
midine will produce sedation, analgesia, and muscle relaxation.
The drug should not be used alone because, as with xylazine, im-
mobilization is unreliable. Medetomidine can be combined with
a low dose of ketamine or Telazol. A relatively low dose of the
dissociative drug is required with medetomidine, and antagonism
of medetomidine with atipamezole (at three to five times the
medetomidine dose) will hasten recovery.34 Side effects of
medetomidine include hypertension, bradycardia, and hypox-
emia.7,8,34,36,42,44 Hypoxemia may be particularly pronounced in
ruminants.7 Medetomidine can also impair thermoregulatory
ability, resulting in hyperthermia.35,36

Romifidine
A fourth �2-adrenergic agonist, romifidine, at 10 mg/mL
(Sedivet; Boehringer Ingelheim Vetmedica, St. Joseph, MO) has
been developed for use in domestic animals. Its action is similar
to the other �2-adrenergic agonists. There is minimal data on the
use of romifidine in free-ranging mammals.

�2-Adrenergic Antagonists
The utility of �2-agonist–induced sedation is greatly increased
by the availability of antagonists. Several competitive antagonists
are used in wildlife work. Atipamezole is the most selective of
the three antagonists currently used and can be used in all
species. There are species dependent differences in response to
yohimbine and tolazoline.2 Yohimbine, for example, is not partic-
ularly effective in wild bovids, and either tolazoline or atipame-
zole is preferred in these species. Antagonists should generally
be administered intramuscularly unless the situation is emergent.
CNS excitement, tachycardia, and hypertension may be seen
with intravenous administration.34,45 Animals may arouse rapidly
from immobilization following intravenous administration of ati-
pamezole.7,35,42 With potentially dangerous species, this may not
allow adequate time to retreat to a safe distance.

Atipamezole
This is the most specific and potent �2-adrenergic antagonist cur-
rently available. It is typically used to antagonize medetomidine
at three to five times the medetomidine dose administered.34 It is
equally effective in the antagonism of xylazine (1 mg of atipame-
zole per 10 mg of xylazine) and detomidine (1 to 3 mg of ati-
pamezole per 1 mg of detomidine).
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Yohimbine
Yohimbine hydrochloride is an effective �2-adrenergic antago-
nist for reversal of xylazine in a variety of species. Some species
may respond reliably, whereas others may show no or only par-
tial recovery. Yohimbine may cause tachycardia, hypertension,
and CNS excitement. At clinical doses, it does not produce effec-
tive antagonism of medetomidine.

Tolazoline
This has proven to be an effective �2-adrenergic antagonist in
some wild and domestic species. High dosages of tolazoline may
produce systemic hypotension, and tachycardia has been ob-
served in sheep.2 Tolazoline is effective in bison and other bovids
where yohimbine lacks efficacy.

Drug Combinations
It is uncommon to use single agents for wildlife capture.
Typically, agents are combined either for their synergistic effects
or to counter adverse side effects. The combination of an opioid
with an �2-adrenergic agonist has already been discussed.
Xylazine-ketamine has been used for many years and has the ad-
vantage of versatility (i.e., it is effective in many ungulate and
carnivore species). The major disadvantages of xylazine-
ketamine are the large volume required and the residual effects of
ketamine if xylazine is antagonized soon after administration.
Medetomidine-ketamine shares the versatility of xylazine-
ketamine, with the advantages of decreased volume and lower
ketamine requirement. Antagonism of medetomidine will likely
cause fewer side effects from residual ketamine, because the
overall amount of dissociative anesthetic administered is lower.34

Medetomidine-ketamine is useful in a wide range of species.34

It should be used cautiously, or its use avoided, in bears, because
sudden recoveries have been reported in brown bears and polar
bears.34,35 Xylazine-Telazol and medetomidine-Telazol can be
delivered in small volumes and are useful in a wide range of
wildlife species. Antagonism of the �2-adrenergic agonist will
hasten recovery. Time to sternal recumbency and standing is gen-
erally more rapid after antagonism of medetomidine compared
with xylazine.6,35–38 This is probably the result of a lower Telazol
dose required in the medetomidine-Telazol combination, when
compared with xylazine-Telazol.6,37

Neuroleptic Drugs
Neuroleptic agents such as acepromazine and droperidol have
been used as adjunctive agents in wildlife capture for many
years. Typically, they have been used in combination with potent
opioids such as etorphine. A more recent application of these
agents is the use of long-acting tranquilizers to facilitate translo-
cation of wild animals. Long-acting neuroleptics have been de-
veloped to treat human psychosis. Depending on the formulation,
these drugs may have effects for days to weeks. These drugs will
produce an overall reduction in stress of handling, which should
decrease the incidence of trauma and myopathy and facilitate
adaptation to a novel environment. Typically, these agents are
phenothiazines, butyrophenones, or benzodiazepines.46 A short-

acting agent, such as haloperidol, may be combined with a long-
acting agent, such as perphenazine enanthate, to produce rapid
onset of action and prolonged activity.46

Perphenazine Enanthate
Perphenazine is a phenothiazine derivative that is formulated in a
sesame oil vehicle. The onset of perphenazine is 12 to 16 h, and
its effects can last up to 10 days. The use of this drug has been
reported in a variety of species, including red deer and
Przewalski’s horses.47,48 Flight distance is decreased in red deer,
and animals maintain better body condition than controls.47 In
Przewalski’s horses, the drug has been used to effectively de-
crease dominance aggression during the establishment of a bach-
elor herd.48

Zuclopenthixol Acetate
This is a thioxanthine derivative that has been used in a variety of
species and will have effects lasting 3 to 4 days.47,49–51 Treated
animals have a decreased flight distance and are easier to manip-
ulate. Animals spend more time eating and drinking compared
with controls and have been observed to spend less time pacing.
A dose of 1 mg/kg has been used in most studies. Occasionally,
extrapyramidal signs have been noted at this dose.51 These signs
usually resolve without treatment.51

The Capture Event
Precapture Planning
Before undertaking any wildlife capture, an appropriate plan of
action must be devised for the capture procedure. The species
should be researched to determine the most effective and current
technique for capture. A decision needs to be made as to the use
of physical or chemical restraint. Logistical considerations are
important. In remote areas, communication and evacuation plans
must be established. Equipment must be carefully selected for
use in the field. Drug needs must be anticipated, and it is gener-
ally wise to budget for at least 50% more drug than is actually
needed for the target animals. This will help to offset any drug
wasted from lost darts or poor dart placement.

In the immediate recapture period, the target animal is located
and weight is estimated. The terrain, weather, and situation must
be evaluated to determine whether capture will be attempted.
Most commonly, the drug dart is loaded after the target animal
has been located and observed; however, there may be times
when it is more practical to load the darts beforehand. Drug
doses may be calculated for specific sizes or age groups, and the
darts are preloaded and marked accordingly. However, metal
darts should not be kept loaded for longer than a 12-h period be-
cause of the possibility that corrosive action of the drugs may im-
pair the injection mechanism and damage the dart. Preloaded
darts with air-activated discharge mechanisms should not be
pressurized because they have a tendency to leak, or lose pres-
sure, if armed for an extended period. Choose darts that are light-
weight and have barbed needles of an appropriate length for the
target animal.

Generally, the animal will need to be approached to within a
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distance of 30 to 40 m for accurate drug delivery. There are many
methods to facilitate approaching to within this distance.
Animals may be stalked, approached in a vehicle or helicopter, or
trapped or snared prior to approach. Trapping has the advantage
of limiting movement during the capture event, but it may prove
to be more stressful than helicopter capture.14 Pursuit of animals
should generally be limited to no more than 2 to 5 min. The inci-
dence of capture myopathy, hyperthermia, and trauma will in-
crease with prolonged chase times. In management situations,
pursuit may often be required until the animal is captured. It is
beyond the scope of this chapter to consider species-specific con-
siderations. It is advisable to include experienced personnel on
the capture team and to consult with experienced wildlife man-
agers, biologists, and veterinarians to determine anticipated com-
plications, animal behavior when stressed, and the current ap-
proaches to dealing with the target species.

Induction
Many factors may influence induction time. These include the
drug dose received, the animal’s physical condition, its age and
gender, and its sensitivity to the immobilizing drug. Dart place-
ment is probably the most important determinant of induction
time. To facilitate quick absorption of the drug, the muscle
masses of the neck, shoulder, or hindquarter must be injected
(Fig. 32.6). Animals that are excited or stressed can have induc-
tion times that are considerably longer than in calm animals.

Some animals will put on considerable fat deposits prior to
denning and fasting and must be dealt with in a different manner
during these times. Brown bears, for example, can generally be
darted in the hindquarter when they emerge from spring dens. In
the fall, these animals have considerable fat deposits overlying
the rump and must be darted in the shoulder or neck. As soon as
the dart is placed, the time should be recorded, and the animal
must be carefully observed to ensure that it is not lost during the
induction period.

Induction is a dangerous time during which animals may be
lost or injured. If a helicopter was used in pursuit, it will need to
back off to a safe distance where an animal can be observed, but
not stressed. The helicopter may need to steer an animal away
from potential hazards such as cliffs or water. Time to sternal re-
cumbency and head down should be recorded.

Initial approach to an animal can be dangerous. The animal
should be observed from a safe distance to determine that there
is no purposeful movement. When �2-adrenergic agonist–based
protocols are used (e.g., medetomidine-ketamine or xylazine-
tiletamine-zolazepam), the animal’s head or limbs should not
move prior to approach. If tiletamine-zolazepam alone or nar-
cotics are used, there may be some involuntary movement in ad-
equately immobilized animals. Once it has been determined that
the animal is safe to approach, it should be cautiously ap-
proached accompanied by a firearm backup, if necessary. It is
important to leave safe exits for the capture team and the animal.
To gauge the animal’s response, auditory stimulation such as
clapping or shouting should be employed as the animal is ap-
proached. If there is no response to auditory stimulation, the re-
sponse to tactile stimulation should be gauged. It is advisable to

use a stick or pole syringe to extend reach when stimulating the
animal (Fig. 32.10). When it is safe, the palpebral reflex and air-
way can be checked. A set of vital signs, including rectal temper-
ature, respiratory rate, and heart rate, should be monitored. The
animal’s eyes can be lubricated with an ophthalmic solution or
gel, and a blindfold can be placed to decrease visual stimulation.
At this point, hobbles may be considered to limit movement in
the event of sudden recovery in ungulates.

Monitoring and Supportive Care
Following capture, the animal should be positioned to avoid pres-
sure points and ensure optimum ventilation. Carnivores may be
positioned in lateral or sternal recumbency, but ruminants should
be positioned in sternal recumbency whenever possible. The
head and neck should be extended to maintain a patent airway. A
stretcher system may be employed to facilitate movement of the
animal and to keep it elevated above the ground. Vital signs
should be monitored every 5 to 10 min. Ideally, continuous mon-
itoring as with a pulse oximeter should be used. Painful proce-
dures such as tooth extraction or biopsies should be performed
soon after induction when the animal is in the deepest plane of
anesthesia. If animals are manipulated to determine body mass,
it is best to do this during a deep plane of anesthesia because the
stimulus can result in arousal.52

Hypoxemia is not uncommon during wildlife anesthe-
sia.4–10,29,31,36,42 Hypoxemia, in the face of hyperthermia, is a par-
ticularly serious situation, because hyperthermia increases tissue
oxygen demand. This can increase the risk of exertional myopa-
thy or cause acute mortality. Hypoxemia can often be prevented
or treated in the field with the administration of supplemental
oxygen. The animal should be monitored for hypoxemia, ideally
with a pulse oximeter. A multisite sensor applied to the tongue
generally provides a good signal. Normal hemoglobin saturation
should be 95% to 98%, and below 85% is considered hypoxemic.
If a pulse oximeter is not available, the mucous membranes
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Fig. 32.10. Initial contact should be made from a safe distance. In
this picture, a pole syringe is being used to initiate contact with a griz-
zly bear.



should be monitored for cyanosis. Severely hypoxemic animals
are often tachycardic. Tachycardia, followed by severe bradycar-
dia (heart rate, <30 beats/min) is often a warning sign that hypox-
emia is very severe and the heart may soon fail.

The use of supplemental inspired oxygen should be considered
in hypoxemic animals. Portable equipment is available to facili-
tate oxygen delivery. An ambulance-type regulator (Easy Reg;
Precision Medical, Northampton, PA) and an aluminum D cylin-
der is lightweight, portable and sturdy. It can provide a 10-L/min
flow for up to 30 min. An E cylinder will provide this flow for 1
h or more. A nasal catheter can be used in most animals. The
catheter should be threaded as far as the medial canthus of the
eye. The flow rate should be adjusted to maintain a saturation of
greater than 95% (Fig. 32.11).

Heart rate and pulse quality should be monitored every 5 min.
The auricular artery is easily palpated in many ungulate species.
If the auricular artery cannot be palpated, a femoral pulse can be
used. Equipment is available to measure direct or indirect blood
pressure and electrocardiographic status in the field (Fig. 32.12).

In ruminants, maintenance in sternal recumbeny will help to
prevent ruminal tympany. If ruminal tympany is a problem, the
animal may be rocked gently to stimulate eructation. A rumen
tube can be used, but may predispose the animals to regurgitation
and aspiration. Generally, if ruminal tympany is severe, it is
advisable to finish the procedure quickly and antagonize the anes-
thetic agents. If �2-adrenergic agonists have been used, the
administration of tolazoline, yohimbine, or atipamezole will stim-
ulate ruminal activity and facilitate the correction of tympany.

Rectal temperature should be monitored every 5 to 10 min.
Ungulates are particularly prone to hyperthermia, especially after
a long chase. Rectal temperatures higher than 40°C are cause for
concern, and attempts should be made to cool the animal. Cold
water sprayed on the animal or snow packed into the inguinal and
axillary regions may help. Rectal temperature higher than 41°C
is an emergency and should be treated aggressively. It is difficult

to cool large animals actively, and often the best option with se-
vere hyperthermia is to antagonize the immobilizing agents and
allow the animal to recover. Hyperthermic animals should re-
ceive supplemental inspired oxygen to offset any hypoxemia and
reduce the likelihood of anaerobic tissue metabolism.

Anesthesia depth should be closely monitored. Some drug
combinations have proven to be unreliable in bears. Xylazine-
ketamine and medetomidine-ketamine are unreliable, and sudden
recoveries may be encountered.34,35 The use of these combina-
tions is best avoided in most situations. Factors that increase the
risk of sudden arousal include loud noise, and distress vocaliza-
tion of offspring is particularly dangerous. Other factors include
movement of a bear (i.e., changing the body position or location
of the anesthetized animal) or painful stimuli such as tooth ex-
traction. Techniques for monitoring anesthesia depth will depend
on the agent used. Tiletamine-zolazepam will produce reliable
anesthesia with predictable signs of recovery. As anesthesia
lightens, spontaneous blinking will occur. Carnivores often de-
velop chewing and paw movements. They will start to lift their
head and may attempt to raise themselves with their forelimbs.
Animals with significant head movement generally require a top-
up dose of tiletamine-zolazepam or ketamine unless they are to
be left to recover. Top-up or small additional doses of tiletamine-
zolazepam can significantly prolong recovery and should be used
only if longer than 30 min of additional downtime is required.
Ketamine is a better choice if 5 to 20 min of additional time is
needed.

With xylazine-ketamine or medetomidine-ketamine, head lift-
ing or limb movement signals that the animal is extremely lightly
anesthetized and should not be approached or manipulated.
Increased intensity of the palpebral reflex or nystagmus are gen-
erally good indicators that the animal is lightly anesthetized.
When procedures on the animal have been completed, the area
should be cleared of equipment, and personnel should retreat to
a safe area and observe the recovery.
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Fig. 32.11. A nasal catheter is being used to deliver supplemental
inspired oxygen to an anesthetized musk ox. The oxygen flow is ad-
justed to try to achieve a desired percentage of hemoglobin satura-
tion of 95% or more.

Fig. 32.12. Portable monitors are available to perform in-depth
physiological monitoring during wildlife capture. In this image, a mon-
itor is used to measure direct arterial pressure and electrocardio-
graphic status in a polar bear.



Recovery
Considerations for recovery vary, depending on the choice of
drug and the situation. In most situations, a reversible technique
is desirable. If a reversible technique is not used, the animal
should be observed until it can ambulate. Prior to reversal, equip-
ment should be removed from the capture site, and personnel
should retreat to a safe distance. The animal should be placed in
a comfortable position and its airway cleared. A final set of vital
signs are obtained and monitoring equipment removed. Typi-
cally, one person remains with the animal and a backup person,
if required. Antagonists are administered intramuscularly unless
there is an immediate need for rapid recovery. The animal’s re-
covery should be observed from a safe distance (Fig. 32.13).

Human Safety
Many hazards to human safety are inherent in wildlife immobi-
lization. Potent narcotics have received considerable attention
because of the risk of intoxication from very small volumes.
However, any agent used for wildlife capture should be treated
with caution and respect. The most important piece of safety
equipment is the latex glove. Gloves should be worn whenever
drugs are handled; indeed, it is good practice to wear gloves
throughout the capture procedure.

Wildlife anesthesia should never be performed by a single per-
son. At least two people should be present whenever potent drugs
are handled, and everyone working on the capture team should be
trained in cardiopulmonary resuscitation and first aid. Loading
and charging of darts is a time of high risk for exposure to drugs,
during which the use of face shields may be considered to pre-
vent contamination of mucous membranes. Darts should be
charged under a protective cover to decrease the risk of acci-
dental drug exposure. Antagonists, such as naloxone, should be
immediately available if they are indicated for treating human
exposure.

Dart-delivery equipment should be handled with care and only

by trained individuals. Darts have the potential to induce signifi-
cant tissue injury and death. Firearm safety rules apply to darting
equipment, and individuals handling this equipment should be
appropriately trained.

Helicopters present a significant hazard. Wildlife capture re-
quires a very skilled pilot to decrease risk of injury to the target
animal and the capture personnel.53 Anyone working around a
helicopter must receive training in helicopter safety.

The target animal can present a risk to personnel. This risk is
obvious with large carnivores, but ungulates can also present a
significant risk that can be greatly increased if they are cornered
or protecting young. Many deer species undergo a period of rut
during the breeding season, during which stags are often more
aggressive. The best way to avoid injury is to work with people
who are familiar with animal behavior and to leave an escape
route for the animal and personnel. As previously mentioned, a
firearm backup should be available when working with danger-
ous animals.

During capture, the focus tends to be on the captured animal.
It is always important to be aware of the surroundings because
other animals may approach the capture team. This is particularly
important with social carnivores, such as lions. It is also impor-
tant with bears, particularly if members of a family group are
captured. In these situations, an armed lookout should be posted
to protect the capture team.

Complications Related to Wildlife
Capture
Physical Trauma
During immobilization and capture, physical injuries such as
contusions, lacerations, abrasions, punctures, and fractures may
be inflicted on an animal accidentally or by mishandling. Minor
injuries can be treated successfully in the field, but fractures and
other serious conditions are difficult to treat effectively and often
require that the animal be euthanized.

Minor lacerations may be cleaned, treated with a topical an-
tibiotic ointment, and protected with an insect repellant. An ap-
propriate antibiotic may be given intramuscularly to help prevent
infection. Closure may be considered for large lacerations, which
should be cleaned and debrided as much as possible. These lac-
erations are often contaminated, and, if they are closed, appropri-
ate drainage and administration of long-acting antibiotics must
be considered.

Physical trauma may be prevented by taking notice of any haz-
ard in the environment that may cause injury to the animal dur-
ing capture and by careful handling. Traps, snares, nets, or other
forms of manual capture or restraint that are used should be ap-
propriate for the species and set by trained individuals.

Hyperthermia
This is commonly encountered during wildlife capture. The

most immediate sign is a critical rise in body temperature to
above 41°C. Other symptoms include rapid shallow breathing,
panting, and weak, rapid, or irregular heart rate. Ultimately, ani-
mals can convulse and die. Causative factors of hyperthermia in-
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Fig. 32.13. Since modern antagonists can work very rapidly, it is al-
ways important to have an avenue of escape with potentially danger-
ous animals.



clude high ambient temperatures, excessive muscular exertion
from prolonged pursuit, and interference with normal thermoreg-
ulatory mechanisms by �2-adrenergic agonists. Treatment in the
field may include moving the animal into shade or spraying it
with cold water. Packing ice or snow around the animal and/or
cold-water enemas may also be indicated. The use of supplemen-
tal inspired oxygen should be considered to optimize arterial
oxygen content. Treatment is often not effective, and generally
the best option in field situations is to complete procedures rap-
idly and administer antagonists (Fig. 32.14).

The risk of hyperthermia may be reduced by avoiding immo-
bilization or capture on very warm days or by limiting activities
to the coolest part of the day. It is best to avoid prolonged pursuit,
keep stress to a minimum, and use the least severe method of
physical restraint. Protecting animals from high ambient temper-
atures and direct exposure to the sun can also reduce hyperther-
mia.

Hypothermia
This is a concern when animals are immobilized when ambient
temperatures are low. It occurs most commonly in young animals,
animals with small body masses, and animals in poor body con-
dition. Hypothermia is characterized by decrease in body temper-
ature to below 35°C. If untreated, hypothermia may result in pro-
longed recovery, acidosis, and arrhythmias. Causative factors of
hypothermia include low ambient temperature, evaporative cool-
ing, wetness, precipitation, and drugs, such as �2-adrenergic ago-
nists, that impair thermoregulation. Supportive procedures consist
of an immediate attempt to increase body temperature by drying
a wet animal, covering the animal, and providing external heat
sources such as hot-water bottles (Fig. 32.15).

Bloat
Bloat during wildlife capture is commonly caused by ruminal
atony associated with the administration of �2-adrenergic ago-
nists and other drugs that alter gastrointestinal motility. The re-

sult is the inability to relieve gases from the rumen or stomach
through normal eructation. The impact of bloat can be reduced
by placing the immobilized animal in sternal recumbency with
the neck extended and the head forward, permitting saliva and
any regurgitated material to drain. Smaller animals can be moved
from side to side over the brisket, and their front quarters can be
elevated. If positioning does not relieve the bloat, inserting a lu-
bricated and properly sized tube via the esophagus into the rumen
will relieve pressure. The last resort to relieve abdominal pres-
sure is emergency trocharization of the rumen. Generally, bloat
will resolve following the administration of an �2-adrenergic an-
tagonist or recovery from drug effects. In the face of severe bloat,
procedures should be completed rapidly or discontinued, and
drug effects rapidly reversed.

Exertional Myopathy
Most free-ranging animals exert themselves infrequently only to
escape danger. They are not conditioned for running at full effort
over long distances. Chasing wild animals with a helicopter or
motor vehicle imposes a tremendous amount of stress. The effects
of sympathetic exhaustion from sustained stress, combined with
intense muscular exertion, are the causative factors of various life-
threatening syndromes known as exertional myopathy.54–56

Intense sustained muscular exertion associated with capture
pursuit or resisting physical restraint leads to the production and
buildup of lactate in muscle cells and metabolic acidosis. Severe
lactate accumulation may cause metabolic dysfunction or death
of skeletal muscle cells, resulting in the release of intracellular
potassium ions (K+), calcium ions (Ca2+), and myoglobin. High
concentrations of myoglobin in the plasma and ultrafiltrate
within the renal tubules can cause acute renal failure. Hyperka-
lemia and acidosis cause arrhythmias and circulatory failure.

Exertional myopathy is difficult to treat, so prevention is of ut-
most importance. Capture myopathy may be prevented by reduc-
ing and minimizing capture stress, fear, and exertion. Chase time
should be limited to 2 min and capture efforts not resumed for at
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Fig. 32.14. Ungulates are particularly prone to hypoxemia during
immobilization. Treatment of hyperthermia is difficult in the field;
therefore, antagonism of immobilization is often the best option.

Fig. 32.15. Young animals, such as this brown bear cub, should be
insulated from the ground and covered to reduce heat loss.



least 1 day once capture has failed. Visual and auditory stimula-
tion, handling, and restraint of the captured animal are kept to a
minimum. One should provide a stress-free postcapture environ-
ment. Captured wild animals should not be handled or stressed
for at least 6 weeks following capture. Four common clinical
syndromes of exertional myopathy have been identified: acute
death syndrome, delayed peracute death syndrome, ataxic-
myoglobinuric syndrome, and muscle-rupture syndrome.

Acute Death Syndrome
With the acute death syndrome form of exertional myopathy, the
animal appears depressed and weak and remains recumbent after
reversal. Breathing is rapid and shallow, heart rate is rapid and
weak, and hypotension persists, progressing to shock signs
and/or death within 3 to 4 h. Causative factors include exhaus-
tion, lactic acidemia, hypoglycemia, and hyperthermia.
Supportive procedures consist of fluid therapy to increase blood
volume and pressure, restore electrolyte balance, correct acido-
sis, and increase renal perfusion and diuresis.

Delayed Peracute Death Syndrome
In this syndrome, the animal appears to be in reasonably good
condition after the initial capture episode. However, when
stressed again (usually 1 day after the initial capture episode), it
dies of ventricular fibrillation and cardiac arrest. The pathogene-
sis of this syndrome is believed to be muscle destruction and
potassium release, sensitizing the heart to catecholamines and ar-
rhythmias.

Ataxic-Myoglobinuric Syndrome
This condition is characterized by ataxia, brownish urine, and
possibly death within hours or days after capture. Increased lev-
els of serum glutamic-oxaloacetic transaminase (SGOT), crea-
tine phosphokinase (CPK), lactate dehydrogenase (LDH), and
blood urea nitrogen (BUN) are associated with lesions in skele-
tal muscles and kidneys. Death may occur acutely or within 4 to
5 days from kidney failure following myoglobin-mediated tubu-
lar destruction. Some animals may survive this syndrome, pro-
vided appropriate supportive therapy is instituted.

Muscle-Rupture Syndrome
The first signs of this syndrome can be observed within 1 to 2
days after capture. The animal seems unable to support weight on
its hind legs. Hocks are hyperflexed, and CPK, LDH, and SGOT
levels are increased, but the BUN level is normal (Fig. 32.16).
The animal will usually die within 3 or 4 weeks. On necropsy,
there are extensive, light-colored areas in the large muscles used
for escape (fight-or-flight response).

Respiratory Depression and Hypoxemia
Hypoxemia is common during wildlife anesthesia and immobi-
lization.4–10,29,31,36,42 Major causative factors include respiratory
depression from immobilizing agents (particularly potent nar-
cotics), ventilation-perfusion mismatching, airway obstruction,
and other factors. Immediately after initial contact with a down
animal, steps must be taken to ensure a patent airway (Fig.

32.17). Severe hypoxia can cause hypotension, arrhythmias, and
death. Hypoxemia in the face of hyperthermia can rapidly result
in tissue hypoxia.

The best treatment for hypoventilation is endotracheal intuba-
tion and controlled ventilation with supplemental inspired oxy-
gen. This can be difficult in field situations, particularly with
very large animals. Partial reversal of narcotics has been used
successfully to treat respiratory depression.4

Ventilation-perfusion mismatching will generally respond to
supplemental inspired oxygen.6,9 Hypoxemia caused by hy-
poventilation will also respond to supplemental inspired oxygen,
although arterial CO2 partial pressure will remain elevated and
respiratory academia untreated.29 In the field, the simplest way to
treat hypoxemia is to administer supplemental inspired oxygen
via a nasal cannula.6 The animal should be monitored with a
pulse oximeter and oxygen flow adjusted to maintain a saturation
of peripheral oxygen (SpO2) greater than 90%. Other causes of
hypoxemia include aspiration and pneumothorax (secondary to
dart penetration of the thoracic cavity). Pneumothorax might be
treatable with thoracocentesis, so equipment should be carried to
perform thoracocentesis in the field.

Capture-Associated Mortality
Chemical immobilization of free-ranging mammals is a form of
veterinary anesthesia conducted under the most extreme circum-
stances. The anesthetic risk in wild animals undoubtedly is highly
influenced by the capture protocol that is applied. Typically, most
deaths are observed in the early phase of a large capture project
before the methods have been refined, drug doses have been ad-
justed, and the immobilization team has gained experience.
Moreover, an increased risk of mortality may be seen when cap-
tures are carried out for specific purposes like health evaluation of
animals under environmental or pathogenic stress. Mortalities
caused by capture and anesthesia of free-ranging mammals can be
grouped into three different categories. The first is direct effects
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Fig. 32.16. An elk with muscle rupture syndrome and hyperflexion
of the hocks.



of the immobilizing drug itself (e.g., respiratory depression,
shock, hyperthermia, and asphyxia caused by tympany or vomit-
ing). The second group, indirect effects (e.g., drowning, pneu-
mothorax due to misplacement of darts, and trauma from dart im-
pact), might be a direct consequence of the drug used (e.g.,
etorphine often induces hyperthermia, which may cause the ani-
mal to seek water actively for cooling, with drowning as a possi-
ble sequela). Finally, the third category is secondary effects
caused by the capture process (e.g., trauma from traps, long-term
effects from chasing or stress, separation of family groups, and
various problems with radio collars or implantable transmitters).
Secondary effects have nothing to do with the anesthetic risk per
se and should be treated as a separate entity.

In his review of stress and capture myopathy in artiodactylids,
Spraker55 stated that a mortality rate greater than 2% during trap-
ping is unacceptable. This should be the rule of thumb when a
large number (>100) of free-ranging animals are being anes-
thetized or captured (e.g., a mortality rate greater than 2% during

chemical immobilization requires that the anesthetic protocol be
reevaluated). By using immobilizing drugs and doses with proven
safety, proper remote drug-delivery systems, and established cap-
ture methods and techniques, an experienced capture team should
be able to minimize the risk of mortality.

Considerations for Commonly
Anesthetized Free-Ranging Wildlife
This section deals with general recommendations and considera-
tions for representative species. The species have been chosen
because they are commonly encountered or extensively studied.
Readers are referred to the Handbook of Wildlife Chemical Im-
mobilization for complete dosing information and a reference list
by species.1 Dosages required for immobilization of free-ranging
animals are generally higher than those required in captive indi-
viduals.57 This factor must be kept in mind when dosages are
planned for wildlife capture, or a relative underdose may occur.
Injection site and method of drug delivery can also affect dose re-
quirements. A comparison of hand injection versus dart delivery
demonstrated that 50% more drug was required when animals
were darted.58 Method of capture, season, and potentially the
gender of an animal can also alter drug dose requirements.

American and Northern European Species
White-Tailed Deer (Odocoileus virginianus) and Mule
Deer (Odocoileus hemionus)
These species are commonly encountered in management situa-
tions. Mature white-tailed deer can weigh 60 to 150 kg, and ma-
ture mule deer usually weigh 75 to 135 kg.1 They are not partic-
ularly difficult to anesthetize if they are kept reasonably calm
during immobilization. Excited or stressed deer tend to be less
affected by the sedative actions of �2-adrenergic agonists and
often require higher dosages. Common complications include
trauma, hyperthermia, and capture myopathy. Ruminal tympany
is not commonly encountered during anesthesia of these spe-
cies. Hypoxemia is not uncommon with narcotic-based or 
�2-adrenergic agonist–based protocols, and supplemental in-
spired oxygen should be considered.8

A variety of techniques have been used to induce immobiliza-
tion. White-tailed deer can be anesthetized with 2.2 mg/kg of xy-
lazine combined with 4.4 mg/kg of Telazol.40,59 This combina-
tion is equally effective on mule deer, and immobilization can be
partially antagonized with 0.1 to 0.2 mg/kg of yohimbine. A
dosage of 0.1 mg/kg of medetomidine combined with 2.5 mg/kg
of ketamine will produce a good quality of immobilization in
mule deer and white-tailed deer.8 Atipamezole administered at
three to five times the medetomidine dose will effectively antag-
onize immobilization.

North American Elk (Red Deer, Cervus elaphus)
Elk or red deer may be captured via physical or chemical means.
If physical capture (net gunning) is used, sedation can be quickly
induced with intranasal xylazine.13 Mature elk weigh approxi-
mately 230 to 318 kg, and red deer weigh 60 to 180 kg.1

Chemical immobilization can be induced with narcotics or 
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Fig. 32.17. Airway management and supportive care in a grizzly
bear. The head and neck have been extended to achieve a clear air-
way. The bear has been placed on a flat surface and insulated from
the ground. After eye lubrication, a blindfold is placed to decrease vi-
sual stimuli.



�2-adrenergic agonists combined with dissociatives. Complica-
tions are similar to those expected with other deer species. Elk
should be monitored for ruminal tympany and hyperthermia.
Hypoxemia is common in anesthetized elk, especially during im-
mobilization with xylazine-carfentanil or xylazine-Telazol.4,6

Hypoxemia can be effectively treated by partial antagonism of
drugs or by administration of supplemental oxygen.

Elk can be immobilized with 10 µg/kg of carfentanil combined
with 0.1 mg/kg of xylazine.1,4 Immobilization can be antago-
nized with naltrexone. Alternatively, a mixture of 0.4 mg/kg of
xylazine and 3 mg/kg of Telazol is also effective.41,60 Immobi-
lization with this combination can be partially antagonized with
0.125 mg/kg of yohimbine.

Red deer are smaller than elk, but the considerations for im-
mobilization are similar. The drugs of choice for red deer capture
are 0.11 mg/kg of medetomidine with 2.2 mg/kg of ketamine.61

In this combination, medetomidine should be antagonized with
0.5 mg/kg of atipamezole. An alternative drug combination is 2.5
mg/kg of xylazine with 2.5 mg/kg of Telazol.1 However, because
of the long elimination time of Telazol, recoveries can be pro-
longed.

Moose (Alces alces)
Moose are the largest member of the deer family, with adult
males averaging 500 kg.1 They are found in the northern latitudes
of Europe, Russia, and North America. Moose in the far northern
latitudes of these regions may reach a much larger body mass (up
to 800 kg). Their large size necessitates the use of potent drug
combinations to maintain a low drug volume. The use of carfen-
tanil-xylazine has been recommended as in other deer species.62

The addition of xylazine to carfentanil decreases the incidence of
muscle rigidity, but also increases the risk of regurgitation and
aspiration pneumonia.21 For this reason, if carfentanil is used in
moose, it should be administered as the sole agent at a dose of 10
µg/kg. In addition to the risk of regurgitation, moose are at risk
for hyperthermia and capture myopathy.

In Europe, moose have been effectively immobilized with 60
µg/kg of medetomidine combined with 1.5 mg/kg of keta-
mine.34,63 Immobilization can be antagonized with 0.3 mg/kg of
atipamezole. Currently, the drug of choice for free-ranging moose
is etorphine alone at a dose of 7.5 mg per adult and half this dose
in calves.64 Xylazine (1.5 mg/kg)-Telazol (3 mg/kg) has been
used in management situations. Immobilization with this combi-
nation can be partially antagonized with yohimbine or tolazoline.

Fallow Deer (Dama dama)
A variety of techniques have been used to anesthetize fallow
deer, often with unreliable effects. Adult fallow deer weigh ap-
proximately 40 to 100 kg.1 Currently, the recommended drug
combination for fallow deer is 0.1 mg/kg of medetomidine with
1.0 mg/kg of Telazol.65

American Bison (Bison bison) and European Bison
(Bison bonasus)
Bison range in size from 350 to 1000 kg, with the largest sub-
species being the wood bison (Bison bison athebascae) found in

northern Canada.1 The large size of these animals dictates that
potent, concentrated drugs be used to facilitate delivery of the
smallest drug volume possible. Bison are prone to bloat and re-
gurgitation. Fasting can decrease the risk of these complications,
but obviously this is not possible in free-ranging animals.
Hypoxemia is another major complication,7 but can generally be
managed with supplemental oxygen. A dosage of 5 µg/kg of car-
fentanil combined with 0.07 mg/kg of xylazine can be used to
immobilize North American and European bison.23,66 Nal-
trexone should be used to antagonize carfentanil in bison, be-
cause renarcotization has been encountered with naloxone.23,66

Alternatively, 0.06 mg/kg of medetomidine combined with 1.2
mg/kg of Telazol, or 3 mg/kg of Telazol combined with 1.5
mg/kg of xylazine can be used to anesthetize bison.7 Xylazine-
Telazol is best reserved for small, calm animals because the vol-
ume can become too large. Ketamine (2.5 mg/kg) combined
with 0.08 mg/kg of medetomidine has been used effectively in
European bison.34

Caribou (Reindeer, Rangifer tarandus)
Caribou can be very difficult to immobilize and often have
higher drug dose requirements compared with related species.67

Their speed and agility make them a difficult target for remote
drug delivery. Rangifer species range in size from 80 to 300 kg,
with woodland caribou being the largest subspecies.1 The drug
combination of choice for reindeer and caribou is 0.1 mg/kg 
of medetomidine with 2.5 mg/kg of ketamine.34 These doses 
are not effective in free-ranging woodland caribou. In these an-
imals, 0.2 to 0.25 mg of medetomidine with ketamine is recom-
mended.68

Pronghorn Antelope (Antilocapra americana)
Pronghorn antelope can be extremely difficult to immobilize.
They often have very high drug dose requirements, and immobi-
lization is often unreliable with �2-adrenergic agonist or disso-
ciative-based protocols. Hyperthermia is a common complica-
tion.

Pronghorn antelope usually weigh 40 to 50 kg.1 The current
combination of choice is 0.05 mg/kg of carfentanil combined
with 1.0 mg/kg of xylazine.69 Although not yet available, thiafen-
tanil alone and thiafentanil-xylazine have proven to be superior
to other drug combinations for pronghorn antelope capture.33

Baird’s Tapir (Tapir bairdii)
This is one of three New World tapir species. Adult animals,
which weigh 200 to 300 kg,1 have been effectively anesthetized
with a total dose of 2 mg of etorphine in combination with 8 mg
of acepromazine.70 This combination often results in hypoxemia
and, since the animals are often captured at night, an increased
human safety risk is associated with the use of potent narcotics.70

An alternative technique is to use 0.2 mg/kg of butorphanol com-
bined with 0.4 mg/kg of xylazine. This technique is effective in
calm animals and will induce approximately 30 min of recum-
bency.71 Immobilization can be prolonged with 1 mg/kg of keta-
mine given intravenously. The mixture can be antagonized with
0.2 mg/kg of naltrexone plus 0.125 mg/kg of yohimbine.

824 ● Anesthesia, Analgesia, and Immobilization of Selected Species and Classes of Animals



Brown Bear (Ursus arctos)
Brown bears range across parts of North America, Europe, and
Asia. Adult bears generally weigh between 100 and 325 kg.1

Most brown bears are captured in spring or early summer. Body
weights are 80 to 100 kg for adult females and 140 to 240 kg for
adult males. In the autumn, body weights increase by up to 40%
as animals prepare for hibernation.

A variety of techniques can be used to immobilize brown
bears. Telazol is routinely used for management of brown bears
in North America. Reversible combinations are desirable in cer-
tain situations, particularly in free-ranging sows with cubs.
Telazol (or Zoletil), 7 to 9 mg/kg, will produce reliable immobi-
lization, but can also result in prolonged recoveries.72 Injection
volume requirements are high, necessitating the use of large darts
that can produce excessive tissue trauma. Xylazine (2 mg/kg)
combined with Telazol (3 mg/kg) is effective. This combination
is partially reversible with yohimbine or atipamezole, but some
residual sedation will probably remain. Animals immobilized
with this mixture will benefit from supplemental inspired oxy-
gen, since hypoxemia is common.38 Medetomidine (M) com-
bined with Telazol (TZ) will produce reliable immobilization.
This combination has been used effectively on European brown
bears. These are the standard doses used for fieldwork (spring
and early summer) on Scandinavian brown bears: yearlings (15
to 45 kg), 1.25 mg M + 62.5 mg TZ; small bears (2 to 3 years, 45
to 70 kg), 2.5 mg M + 125 mg TZ; adult females and small males
(70 to 120 kg), 5 mg M + 250 mg TZ; adult males (120 to 200
kg), 10 mg M + 500 mg TZ; and large males (>200 kg), 15 mg
M + 750 mg TZ. The M-TZ ratio is kept constant so that doses
can be split or combined. For reversal, atipamezole at 5.0 mg per
1.0 mg of medetomidine is given intramuscularly.73

Polar Bear (Ursus maratimus)
Polar bears can have substantial body-fat deposits throughout the
year. The shoulder and neck are the best sites for drug delivery.
Male polar bears can be large and heavy. Body weights greater
than 500 kg are not uncommon. To keep drug volume and dart
size to a minimum, concentrated drug combinations are required.
Once anesthesia is induced, the bears should be positioned care-
fully to avoid compartment syndrome caused by excessive pres-
sure on the limbs. Polar bears enter a hypometabolic state during
the summer. At that time of the year, the bears are fasting and
body temperature is decreased (34° to 35°C), so immobilizing
drug requirements may also be decreased. In areas where large
numbers of polar bears congregate, reversible anesthetic proto-
cols should be considered. This decreases the risk of predation
from other bears. Reversible protocols should also be considered
for mother bears with cubs. One drug choice is 8 to 10 mg/kg of
Telazol,74 which produces reliable immobilization, but can also
lead to prolonged recoveries. Volume requirements are high,
which can produce excessive tissue trauma and necessitate the
use of large darts. Xylazine (2 mg/kg)-Telazol (3 mg/kg) will
also induce effective immobilization.37 This mixture, which can
be delivered at approximately half the volume of Telazol alone,
is potentially reversible with yohimbine or atipamezole.
However, reversal of this mixture is not reliable, probably be-

cause of residual Telazol sedation. Animals immobilized with
this mixture will benefit from supplemental inspired oxygen.
Medetomidine (75 µg/kg)-Telazol (2.2 mg/kg) is very effective in
polar bears. This combination produces reliable immobilization
with a rapid onset,35,36 can be delivered in a small volume, and is
readily reversible with atipamezole (administered at four times
the medetomidine dose).

Black Bear (Ursus americanus)
Black bear females weigh 92 to 140 kg, and males weigh approx-
imately 115 to 270 kg.1 Generally, these bears have a more placid
nature than brown bears, and Telazol dose requirements are
lower. The bear may be snared or captured in a culvert trap prior
to drug administration. Physical capture of the bear will facilitate
drug administration and limit mobility on anesthesia induction.
One drug choice is 4 to 6 mg/kg of Telazol, which produces reli-
able immobilization and can be delivered at a relatively low vol-
ume in most bears.75 Xylazine-Telazol is also effective in black
bears at the same dose described for brown and polar bears (2
mg/kg of xylazine with 3 mg/kg of Telazol).76 This dose could
possibly be lowered, but further work is needed to determine the
optimal dose for this species. Medetomidine (52 µg/kg)-Telazol
(1.7 mg/kg) is also effective.42 This combination produces a
rapid onset of immobilization and can be delivered in a small vol-
ume. It is readily reversible with atipamezole administered at
four times the medetomidine dose.

Lynx (Felis lynx and Lynx canadensis)
European and North American lynx can be treated in a similar
manner. Female European lynx weigh 16 to 18 kg, and males
weigh 21 to 23 kg. North American lynx weigh 5.1 to 17.2 kg.1

Lynx are often captured by physical means prior to immobiliza-
tion. Medetomidine (0.2 mg/kg)-ketamine (5 mg/kg) is consid-
ered the drug combination of choice in European lynx.34,77 This
dose can be reduced by 50% in captive lynx.77 Telazol is an al-
ternative mixture that can be administered to lynx at 5 mg/kg.78

Mountain Lion (Felis concolor)
Mountain lions are commonly anesthetized for translocation by
wildlife managers. It is common to tree mountain lions prior to
dart placement. Hounds can be effectively trained to pursue and
tree them. The current drug combination of choice for mountain
lion capture is 2 mg/kg of ketamine combined with 75 µg/kg of
medetomidine.79 This mixture is readily reversible with atipame-
zole. Telazol has been used alone at a dose of 8 mg/kg; however,
recoveries can be prolonged.39 Xylazine-Telazol has been effec-
tively used by wildlife managers. Initial results suggest that a
dose of 2 mg/kg of xylazine combined with 3 mg/kg of Telazol
will anesthetize mountain lions effectively.

Jaguar (Panthera onca)
The jaguar is the largest New World felid, weighing 64 to 114 kg.
Jaguars may be baited or captured by physical means prior to im-
mobilization. Telazol has been described for immobilization of
jaguars at a recommended dose of 4 to 8 mg/kg.39,80 This dose
can be supplemented with 1 to 2 mg/kg of ketamine, as needed.
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The use of medetomidine (70 µg/kg)-ketamine (2.5 mg/kg) has
also been described in captive animals.34

Wolverine (Gulo gulo)
Wolverines are found in the northern latitudes of Europe, Russia,
and North America. Males are typically 50% heavier than fe-
males, and normal body weight ranges are 9 to 11 kg in adult fe-
males and 14 to 16 kg in adult males. Wolverines can be immo-
bilized from a helicopter or in the den. Standard doses for capture
are 3 mg of medetomidine combined with 75 mg of ketamine for
adult females and 4 mg of medetomidine and 100 mg of keta-
mine for adult males. Inductions are rapid, and there are no major
clinical side effects. Effective reversals are achieved with 5 mg of
atipamezole per 1 mg of medetomidine. Alternatively, 175 mg of
Telazol can be used to immobilize adult wolverines.81

Gray Wolf (Canis lupus)
Gray wolves are widely distributed throughout the northern
hemisphere. Males typically weigh 25% more than females.
Average body weights in Scandinavian gray wolves are 40 kg for
adult females and 50 kg for adult males. Occasionally, adult
males will be much heavier (especially in North America). Gray
wolves are immobilized from a helicopter or after being captured
in a snare or a leg-hold trap. The drug of choice is Telazol. A
standard dose of 500 mg can be used for all animals weighing
more than 25 kg. Anesthesia inductions are rapid, but recoveries
are prolonged and may take 4 to 6 h. Medetomidine-ketamine
should be used with care for immobilization of wolves from a
helicopter because some animals tend to develop severe hyper-
thermia (41° to 42°C) with this combination.82

Wild Boar (Sus scroffa)
Eurasian wild pigs or wild boars are indigenous to Europe, Asia,
and North Africa, and have been introduced into North America,
Australia, and New Zealand. Wild boars are captured in traps and
immobilized from a short distance with a tranquilizing pistol 
or blowgun. For brief procedures, 0.1 mg/kg of medetomidine
with 0.2 mg/kg of butorphanol and 5 mg/kg of ketamine have
been recommended.83 Effective reversal is achieved by using 5
mg of atipamezole per 1 mg of medetomidine. Combinations of
medetomidine-butorphanol-Telazol can also be used to anes-
thetize wild boars, but recoveries are more prolonged.84

African and Asian Species
Tiger (Panthera tigris)
Eight different subspecies of tiger have been recognized, al-
though some may only represent morphological variations. Small
populations of tigers are found in India, Southeast Asia, and
southeast Russia. Tigers usually weigh 100 to 160 kg (adult fe-
males) or 180 to 260 kg (adult males).85 Commonly, 70 µg/kg of
medetomidine combined with 3 mg/kg of ketamine is used.1

Effective reversal is achieved with 5 mg of atipamezole per 1 mg
of medetomidine. An alternative drug combination is 0.8 mg/kg
of xylazine combined with 11 mg/kg of ketamine.86,87 Xylazine
can be antagonized with 0.125 mg/kg of yohimbine, but because
of the high dose of ketamine, reversals are not as effective as with

medetomidine-ketamine. Telazol has caused several adverse re-
actions in tigers and should be used with caution and only when
other drugs are unavailable.1,88

Lion (Panthera leo)
Five subspecies of lion are recognized. Lions are found on the
African continent from South Sahara to South Africa. A remnant
population exists in India. Body weights range from 120 to 180
kg in adult females to 150 to 240 kg in adult males.85 There are
two excellent drug combinations for immobilization and anesthe-
sia of lions. For brief procedures, 70 µg/kg of medetomidine
combined with 2.5 mg/kg of ketamine can be used.1 Inductions
are rapid, and analgesia and muscle relaxation are good. Due to
the low dose of ketamine, animals may demonstrate sudden un-
expected recoveries and should be closely monitored.89 Immo-
bilization can be prolonged by administration of additional keta-
mine at 1.5 mg/kg.1 Telazol alone at a dose of 4 to 5 mg/kg can
be used, but recoveries usually take several hours.1,90 Low-dose
Telazol (0.8 mg/kg) in combination with medetomidine (50
µg/kg) has also been successfully used for capture of lions.91

Inductions are smooth, immobilization complete, muscle relax-
ation good, analgesia adequate for minor procedures, and the
anesthetic actions last approximately 11/2 h. Atipamezole can be
used to reverse the effects of medetomidine, and it is recom-
mended that 5 mg of atipamezole per 1 mg of medetomidine be
administered to ensure that sedation does not recur.1

Leopard (Panthera pardus)
Seven subspecies are currently recognized. Leopards are found in
Africa south of the Sahara and in South Asia. Scattered popula-
tions are in North Africa, Arabia, and the Far East. Leopards
weigh 30 to 70 kg. Males are typically 50% heavier than fe-
males.85 Medetomidine (70 µg/kg)-ketamine (3 mg/kg) is usually
sufficient and the combination most commonly used.1 However,
higher doses (0.1 and 5 mg/kg, respectively) of these two drugs
may be needed to achieve complete anesthesia in cage-trapped
leopards. Atipamezole, at 5 mg per 1 mg of medetomidine, can be
used for reversal of immobilization.1 Telazol alone at 5 to 8
mg/kg, or xylazine at 1 mg/kg in combination with ketamine at 8
to 11 mg/kg, can also be used to immobilize leopards.1

Cheetah (Acinonyx jubatus)
Two subspecies of cheetah are recognized: the African cheetah
and the Asian cheetah (nearly extinct). Cheetahs weigh 39 to 65
kg. Males are typically 15% heavier than females.85 Recom-
mended drugs for immobilization are medetomidine at 70 µg/kg
combined with ketamine at 3 mg/kg.1 If necessary, additional ke-
tamine (2 mg/kg) can be given. For reversal, 5 mg of atipamezole
per 1 mg of medetomidine can be administered. Another combi-
nation for reversible anesthesia is 50 µg/kg of medetomidine and
1.5 mg/kg of Telazol. These doses have been used on free-
ranging African leopards and were modified from a study on zoo
animals.92 Atipamezole at 5 mg per 1 mg of medetomidine is ef-
fective for anesthesia reversal in captive leopards, but sedation,
lasting up to 4 h, can persist in some captive animals. This raises
concerns about the use of this combination in free-ranging ani-
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mals that must be released shortly after the anesthetic event.92

Alternative combinations include 3 mg/kg of Telazol alone or 0.5
mg/kg of xylazine with 6 to 8 mg/kg of ketamine.

Plains Zebra (Equus burchelli)
Zebras are indigenous only to Africa. The plains or common
zebra is distributed widely in eastern and southern Africa, with
more than half a million animals in the Serengeti–Masai Mara
ecosystem of Tanzania and Kenya. Three subspecies are recog-
nized. Plains zebras weigh 200 to 340 kg.85 Two other zebra
species, mountain zebras (Equus zebra) and Grevy’s zebras
(Equus grevyi), are endangered and are restricted to small popu-
lations on the continent. Most recommended drug combinations
for immobilization of zebras involve the use of etorphine.1,93,94

In free-ranging plains zebra etorphine (4 to 7 mg for males and 3
to 4 mg for females) combined with either azaperone (40 to 60
mg), xylazine (40 to 60 mg), acepromazine (30 mg), or detomi-
dine (5 to 10 mg) will induce recumbency. Immobilization is
often not complete, and blindfolding is recommended. Complete
muscle relaxation is difficult to obtain, and paddling, shivering,
and sweating are often seen. Respiratory depression is a common
side effect in zebras during chemical immobilization. Hyperther-
mia is another major complication, particularly if induction is
prolonged. Hemoglobin saturation and rectal temperature should
be closely monitored. Supplemental oxygen, equipment for intu-
bation and ventilation, and water for cooling should be available,
as well as emergency drugs (e.g., respiratory stimulants and ben-
zodiazepines in case of convulsions). Upon induction, zebras can
be positioned either in sternal or lateral recumbency. Recently, a
comparison of three combinations was carried out:95

1. 6 mg of etorphine with 80 mg of azaperone for males, and 4
mg of etorphine with 80 mg of azaperone for females

2. 5 mg of etorphine with 5 mg of medetomidine for males and
females

3. 3 mg of etorphine with 150 mg of ketamine and 10 mg of
detomidine for males and females

All combinations induced complete immobilization with lat-
eral recumbency; however, hypoxemia (SpO2 < 85%) occurred in
most animals. Rapid reversal was achieved with standard doses
of antagonist drugs (e.g., diprenorphine and atipamezole).1 Pre-
liminary results indicate that etorphine-ketamine-detomidine is
superior to the other two combinations. Zebra skin is thin, and
lightweight darts with low impact energy should be used to avoid
penetration wounds. Dart wounds often bleed profusely, and pro-
phylactic antibiotic treatment is recommended.

African Buffalo (Syncerus caffer)
The African buffalo is indigenous to Africa south of the Sahara.
Two subspecies are recognized, Cape buffalo and forest buffalo,
with intermediate forms. Large males weigh up to 800 kg and fe-
males up to 750 kg.85 Recommended drugs are 8 to 10 mg of
etorphine combined with 150 to 200 mg of azaperone for adult
bulls and 6 to 8 mg of etorphine combined with 150 mg of aza-
perone for adult cows.94 Diprenorphine at 2.4 mg per 1 mg of
etorphine is used for reversal.94 Etorphine (at the same doses for

males and females) can also be combined with xylazine (70 to 80
mg for bulls and 40 to 60 mg for cows). A standard dose of
yohimbine is used for reversal of xylazine effects.1

African Elephant (Loxodonta africana)
African elephants are found south of the Sahara. Two subspecies
are recognized: savannah elephant and forest elephant (some au-
thorities classify them as different species). Savannah elephants
may reach 4000 to 6500 kg, and forest elephants are significantly
smaller.85 Females are usually two-thirds of male weight within
a given geographical area. Etorphine at 8 to 12 mg is the drug of
choice for adult African elephants.94 Azaperone at 70 to 100 mg
can be added in the dart, but may prolong recovery, and animals
may struggle to rise following reversal. The recommended dose
is 14 to 20 mg of etorphine for bulls and 10 to 15 mg for cows.
Hyaluronidase at 1000 to 3000 IU has been added in the dart to
hasten induction. Preferred darting sites are the rump or shoul-
ders; areas near the ears and trunk should be avoided. Elephants
are large and difficult to handle. To avoid respiratory compro-
mise, they should not be allowed to remain in sternal recumbency
following induction.1,94 Breathing through the trunk must be
unimpaired, and dart wounds should be flushed with an antimi-
crobial solution to prevent abscessation. Diprenorphine at 3 to 4
mg per 1 mg of etorphine given intravenously is commonly used
to reverse etorphine immobilization.

Giraffe (Giraffa camelopardalis)
Giraffes are found in Africa south of the Sahara. Nine subspecies
are recognized. Males and females may reach a height of 4.9 to 5.2
and 4.3 to 4.6 m, respectively, and weigh up to 1800 and 1180 kg,
respectively.85 The current capture philosophy for giraffes is to ad-
minister a high dose of immobilizing drug to facilitate induction in
the shortest possible time and then quickly antagonize the drugs
after physical restraint has been achieved.1,94 Immobilization of gi-
raffes should not be attempted without prior consultation with an
experienced handler. Blood pressure must be maintained in a nor-
mal range to supply blood to the brain. The head should be held at
all times, from initial recumbency to the point where it is starting to
recover.1,94 Etorphine-azaperone is the recommended drug combi-
nation for giraffe anesthesia.94 Doses are 10 to 12 mg of etorphine
and 40 to 60 mg of azaperone for adult bulls and 8 to 10 mg of etor-
phine and 40 mg of azaperone for adult cows. Hyaluronidase (2000
IU) has been added in the dart to hasten induction. Reversal is
achieved by administration of diprenorphine at 2.4 mg per 1 mg of
etorphine. Preliminary trials indicate that thiafentanil (15 to 18 mg
for bulls and 10 to 14 mg for cows) may be superior to etorphine in
giraffes, with induction times as quick as 3 min. A medetomidine-
ketamine regimen with doses based on shoulder height, followed by
atipamezole, has been used for reversible immobilization of free-
ranging giraffes.96 However, the results of trials in the Kruger
National Park have been inconclusive regarding the efficacy of this
combination, which is currently under continued evaluation.94

White Rhinoceros (Ceratoterium simium)
The white rhinoceros is endangered and is found in scattered
populations in South and Northeast Africa. Males weigh 2200 kg
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and females 1600 kg.94 The recommended drug combination is
etorphine combined with detomidine, xylazine, or azaperone.
Dose recommendations vary between researchers and areas.
Etorphine at 3 to 4 mg and detomidine at 10 to 20 mg for adults
seem to be superior to other combinations.1,94 Hyaluronidase at
2000 IU should be added to the drug mixture to shorten induc-
tion. White rhinoceroses are prone to significant respiratory de-
pression following etorphine administration, so close monitoring
is necessary. The standard protocol in Africa is to administer 10
to 15 mg of nalorphine intravenously immediately to all immobi-
lized animals. Respiration can also be improved by intravenous
administration of 300 to 400 mg of doxapram. Reversal is
achieved by 75 to 150 mg of naltrexone, with one-third of the
dose given intramuscularly and two-thirds intravenously.1,94

Detomidine and xylazine can be reversed by standard doses of
yohimbine or atipamezole.

Black Rhinoceros (Diceros bicornis)
The black rhinoceros is also critically endangered and is found in
tiny, isolated populations in Africa from the Cape to Kenya.
Males weigh 850 to 1000 kg, and females average 880 kg.94 The
recommended drug combination for immobilization is etorphine
(2 to 4 mg) combined with either azaperone (50 to 150 mg), deto-
midine (10 to 15 mg), or xylazine (60 to 100 mg).94 Black rhi-
noceros are less sensitive to the effects of etorphine than are
white rhinoceroses, and the highest safe dose should be used to
produce shorter induction times, especially in rough terrain.94

Hyaluronidase, at 2000 IU, should be added in the dart to hasten
induction. Although hypoxia does not appear to be a problem in
the majority of black rhinoceros, they should be monitored for
signs of respiratory depression.1,94 Sternal recumbency is pre-
ferred, but the animals can be kept in lateral recumbency, if nec-
essary. Body position should be changed every 30 min to avoid
ischemia of dependent tissues. Naltrexone at 75 to 150 mg or
diprenorphine at 2.4 mg per 1 mg of etorphine can be used for re-
versal. Reversal may rapidly arouse potentially aggressive ani-
mals. When used, detomidine and xylazine can be reversed by
standard doses of either yohimbine or atipamezole.

African Wild Dog (Lycaon pictus)
The African wild or hunting dog is an endangered species found
in fragmented populations in Southern and East Africa. Males
and females are of similar size and weigh 20 to 32 kg.85

Recommended drugs are medetomidine at 100 µg/kg and keta-
mine at 5 mg/kg, followed by atipamezole at 5 mg per 1 mg of
medetomidine for reversal.94 Fentanyl-xylazine has also been
recommended in African wild dogs.90 Severe hypoxia may de-
velop, so the dogs should be closely monitored. For reversal, nal-
trexone is superior to naloxone. Xylazine effects can be antago-
nized with either atipamezole or yohimbine.94

Spotted Hyena (Crocuta crocuta)
There are four species in the hyena family: spotted hyena, striped
hyena, brown hyena, and aardwolf. The best known of the hye-
nas is the spotted hyena, which is distributed in Sub-Saharan
Africa except the Congo rain forest and the far south. Males

weigh 45 to 60 kg and females 55 to 82 kg. Telazol at 5 mg/kg
has been recommended for immobilization.1,92 However, recent
experiences show that 8 to 12 mg/kg of ketamine combined with
0.5 to 1.0 mg/kg of xylazine or 100 µg/kg of medetomidine com-
bined with 5 mg/kg of ketamine is superior to Telazol alone.
These combinations produce a smoother anesthesia with less
salivation and excitement (Dr. Markus Hofmeyr, personal com-
munication). Atipamezole can be used to antagonize medetomi-
dine effects, whereas yohimbine or atipamezole are equally ef-
fective for xylazine reversal.
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Sea Otters

General Considerations
Marine mammals, which are air-breathing animals that have
evolved for a primarily aquatic environment, include seals, sea
lions, walruses, whales, cetaceans, polar bears, sea otters, and
manatees. These animals have highly adapted physiology that
presents unique anesthetic challenges.

Drug delivery is difficult for several reasons. Animals that live
in a cold aquatic environment have heavy fur coats, thick blub-
ber, or fat layers for insulation. Remote drug delivery requires
special considerations for the site, depth, and method of drug in-
jection. Intravenous (IV) access is usually very limited even on
immobilized or anesthetized animals.

The pulmonary systems are highly developed to facilitate
rapid oxygen and carbon dioxide exchange, as well as breath
holding. Marine mammals frequently have short upper airways
with extensive cartilaginous support down to the small bronchi-
oles. They also take large breaths (tidal volumes), which aids in
rapid gas exchange.

Seals breathe episodically in sleep. Higher centers in the brain
modulate the central rhythm generator both positively and nega-
tively for breathing. During episodic breathing, these modulating
influences alternate in a fashion that produces periods of apnea
alternating with periods of relatively high-frequency ventilation.1

If seals are awoken during high-frequency ventilation, their
breathing immediately slows.

Marine mammals have a highly developed dive reflex. This is
a complicated physiological adaptation that is characterized by
breath holding (apnea), decreased heart rate, and shunting of
blood to critical aerobic organs. During a dive, peripheral tissues
either reduce metabolic functions or function by hypoxic or
anaerobic pathways. The implication for anesthesia is that ab-
sorption may be unpredictable or slower if central nervous sys-
tem (CNS) depressants are administered intramuscularly during

breath holding or during activation of the dive reflex. Once
breathing is initiated, blood flows to the periphery. Darting or
drug administration should be timed to occur during active ven-
tilation and avoided during apnea.

Much is still unknown regarding specific marine mammal
species and their physiological adaptations. Most immobilization
and anesthetic information is obtained through observations dur-
ing field capture or during medical management of captive ani-
mals. Thus, much of what we know is anecdotal and observa-
tional rather than from blinded, well-controlled studies of the
drugs and animal physiology. As a result, when an anesthetic
technique works well, it is adopted and used repeatedly. On the
other hand, when even a single immobilization or anesthetic
management is associated with either ineffective or adverse ef-
fects, the drugs are frequently abandoned. This chapter attempts
to provide guidance to readers on what has been used success-
fully and cautions where information is still limited. For each
species and situation, chemical capture, restraint, and anesthetic
procedures should be carefully researched, planned, and exe-
cuted. Networking with individuals experienced with the species
and working conditions will increase the chances of a successful
outcome. Generally, marine mammals should not be darted with
an anesthetic while remaining in their aquatic environment, be-
cause they can dive out of sight and drown.

Cetaceans
Porpoises and whales breathe through a modified nasal orifice,
called the blowhole, located on the dorsum of the head just ante-
rior to the cranial vault. It appears on the surface as a single,
transversely crescentic opening with a forward-facing concavity.
It is closed by a muscular nasal plug and opens through the ac-
tion of forehead muscles. Normally under water it remains
closed. In porpoises, ventral to the blowhole are vestibular and
tubular air sacs connected to the paired nares, which begin a few
centimeters down the respiratory passage. A septum divides the
nares for 10 to 12 cm, after which the respiratory passage be-
comes single again just above the glottis. The larynx forms an
arytenoepiglottal tube giving a direct opening from the internal
nares to the lungs, thus enabling the animal to breathe only
through the blowhole (Fig. 33.1). Approximately 10 cm from the
base of the larynx, the trachea branches into a separate right
bronchus which, at about 15 cm, bifurcates into two main
bronchi. It is important, when a porpoise is intubated, that the en-
dotracheal tube not extend into the bronchus. To ensure proper
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placement, the tube should be measured and marked prior to
placement.

Porpoises can take one full respiration in 0.3 s. With a tidal
volume of 5 to 10 L, the flow rates through the air passages range
from 30 to 70 L/s during expiration and inspiration. Porpoises
breathe two or three times each minute. Each breath is deep (ap-
proximately 80% tidal air). After inspiration, the animal holds an
apneustic plateau for 20 to 30 s, followed by rapid exhalation and
inspiration.

Preanesthetic treatment with anticholinergics is recom-
mended. Bradycardia, which is frequently observed during anes-
thesia, may be produced by strong parasympathetic stimulation
or the effects of sedatives or analgesics. An IV or intramuscular
(IM) dosage of 0.02 mg/kg is recommended.

Sedation and analgesia have been studied in porpoises to iden-
tify drugs that produce minimal respiratory depression. Sedation
with diazepam has produced variable results. As in many mam-
malian species, benzodiazepines appear to have mild sedative ef-
fects, with minimal respiratory or cardiovascular depression. The
primary use of these drugs should be for their antianxiety and the
synergistic effects with other CNS depressants, such as opioids.
Diazepam or midazolam at 0.05 to 0.1 mg/kg IV has been used
safely in cetaceans.2

The relatively short-acting opioid meperidine hydrogen chlo-
ride (HCl) provides moderate restraint in cetaceans, without ob-
vious deleterious effects. Three dosages of meperidine HCl have
been studied in several species of cetaceans and pinnipeds (Table
33.1). The IM dosages evaluated were 0.11, 0.23, or 0.45 mg/kg
administered by hand syringe.3 Restraint was achieved rapidly,
with maximum effect occurring 20 min after IM injection and
lasting for 2 to 3 h. Analgesia appeared to last as long as 4 h and
was sometimes accompanied by restoration of appetite in ani-
mals suffering physical discomfort. The higher doses increased

sedation and analgesia without noticeably depressing respiration.
Based on the results of this study, the recommended initial dose
of meperidine is 0.2 mg/kg IM when sedating cetaceans. If
deemed necessary, higher dosages can be used safely, however.

Porpoises can be intubated while awake but intubation is more
easily accomplished after sedation or induction of unconscious-
ness. Porpoises have relatively large airways. A 24- to 30-mm
equine endotracheal tube with an inflatable cuff can be used. The
mouth is held open with towels by assistants. The hand is in-
serted into the pharynx and grasps and pulls the larynx an-
teroventrally from the normal intranarial position. The endotra-
cheal tube is then guided into the trachea by inserting two fingers
into the glottis and passing the tube along the palm of the hand.
A method of introducing the endotracheal tube through the blow-
hole has been described for use in smaller cetaceans, like
Delphinus delphis and Stenella styx.4 For induction without thio-
pental, 3.5% isoflurane or halothane is administered for 5 to 15
min via a mask or endotracheal tube, after which 1.0% to 1.25%
is used to maintain surgical anesthesia. If thiopental is used to in-
duce anesthesia before intubation, 1.5% to 2.0% isoflurane or
halothane is sufficient for maintenance. Sevoflurane should be an
excellent inhalant anesthetic for cetaceans. Because of its lower
blood-gas solubility, it equilibrates faster than isoflurane, thus
hastening induction and recovery. The lower potency of sevoflu-
rane requires higher vaporizer settings for induction and mainte-
nance. Expected settings would be 4.5% to 5.0% for mask induc-
tion and 2.25% to 2.75% for maintenance.

Induction can be achieved by the IV administration of thiopen-
tal at 10 mg/kg or propofol at 4 to 6 mg/kg via one of the tail-
fluke veins. These dosage recommendations are for unsedated
animals. Lower dosages should be used if an animal is already
sedated or debilitated. Injection of thiopental alone (10 mg/kg
IV) produces 10 to 15 min of light anesthesia followed by 45 min
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Fig. 33.1. Sagittal view of the head and neck of the
bottlenose dolphin. From Nagel et al.36
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of respiratory depression, during which the animal may require
artificial ventilation. A dose of 15 to 25 mg/kg IV produces sur-
gical anesthesia for 10 to 25 min, with respiratory depression
lasting 1 to 21/2 h. Sensitivity to barbiturates has been further
demonstrated following high doses of intraperitoneal pentobarbi-
tal (10 to 30 mg/kg), which has reportedly caused respiratory
failure and death.5 Consequently, this technique is no longer rec-
ommended. Likewise, because plasma cholinesterase levels may
be extremely low or absent in bottlenose dolphins (Tursiops trun-
catus), the use of succinylcholine to induce muscular paralysis is
not recommended.

The heart rate during general anesthesia is typically 100 to 120
beats per minute (beats/min). During delivery of 100% oxygen,
arterial pH averages 7.35, partial pressure of oxygen (PaO2) is
maintained at 100 to 200 mm Hg, and partial pressure of carbon
dioxide (PaCO2) is 35 to 50 mm Hg. In conscious cetaceans
breathing ambient air, arterial PaO2 reportedly ranges from 65 to
98 mm Hg, and PaCO2 ranges from 40 to 60 mm Hg.

Cessation of tail-fluke movements indicates surgical anesthe-
sia and occurs after loss of strong corneal and eyelid reflexes.
The swimming reflex is considered the best criterion for assess-
ing the depth of anesthesia. Reflexes typically observed when
assessing depth of anesthesia in porpoises include (1) the palpe-
bral reflex, (2) corneal reflex, (3) swallowing in response to tac-
tile stimulation of the pharynx, (4) retraction of the tongue, (5)
reflex movements of the body when the anus is distended, (6) tail
movements, (7) movements of the pectoral flippers in response to
surface stimulation, (8) movement of the blowhole after stimula-
tion of the nares or vestibular sacs, and (9) vaginal or penile
movements when the area is manipulated.

During the recovery period, the endotracheal tube is kept in po-
sition until the blowhole reflex returns. This usually requires 15 to
45 min after cessation of inhalant administration. Timing the re-
moval of the endotracheal tube is critical. Extubation should occur
only after the animal is capable of breathing on its own, as mani-
fested by movements of the blowhole and thorax, and by strug-
gling, coughing, and/or bucking. When the endotracheal tube is
removed, the larynx must be placed in its normal intranarial posi-
tion. If the animal does not exhale through the blowhole within 3
min or if the heart rate falls below 60 beats/min, the endotracheal
tube must be reinserted and the animal ventilated for a few more
minutes. In water, porpoises are near neutral in buoyancy. Out of

water, it is more difficult for them to breathe and maintain circu-
lation. For this reason, animals should be returned to water as
soon as possible following recovery from anesthesia.

Local anesthesia can be used to provide analgesia for minor
painful procedures. Using structural landmarks, a method has
been devised for anesthetizing the lower jaw of the bottlenose
dolphin.6 With this procedure, its teeth can be extracted and age
determined by counting dentine layers in sections of etched teeth.
The toxic doses of various local anesthetics have not been deter-
mined in cetaceans, so one should use the smallest dose neces-
sary to desensitize tissues or structures prior to surgery or inva-
sive diagnostic procedure.

Toothed and Balen Whales
Chemical immobilization and anesthesia have been attempted in
large cetaceans. Killer whales have been sedated with meperidine
and midazolam for minor procedures coupled with local anesthe-
sia. Sedation has been attempted in removing an embedded rope
in a free-ranging North Atlantic right whale. The adult male was
estimated to be 50 feet long and weigh 40,000 kg. Each attempt
at sedation was separated by at least 2 weeks. The dosage was in-
creased on each attempt, with the final attempt producing mild
sedation. Based on killer whale experiences and initial ineffec-
tive attempts with lower dosages, the most effective dose of mi-
dazolam was determined to be 0.025 mg/kg IM. The meperidine
dose was set at 0.17 mg/kg IM. Four doses were administered to
the whale over 2 h 43 min for a total dose of 40 g of meperidine
and 4 g of midazolam. Although the whale never stopped swim-
ming, its respiratory frequency decreased and diving behavior
ceased.7

Pinnipedia
Pinniped species are made up of the otarids (eared seals), phocids
(true seals), and odobenids (walruses). The physical characteris-
tics vary widely among these groups. Size is especially variable,
and body weight should be estimated carefully based on species,
age, and gender. As a group, these animals have highly efficient
respiratory systems. The alveolar exchange in seals has been
measured at approximately 46% as compared with terrestrial
mammals, where the alveolar exchange is usually in the range of
12% to 16%. In species that can be physically restrained or se-
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Table 33.1. Meperidine dosage used in dolphins and whales.

Total number 
Meperidine

Species of restraints 0.11 mg/kg 0.23 mg/kg 0.45 mg/kg

Bottlenose dolphin 74 2 62 10
Pilot whale 4 2 2
Killer whale 4 2 2
White-sided dolphin 3 3
False killer whale 10 9 1
Common dolphin 1 1



dated with benzodiazepine tranquilizers (diazepam or midazo-
lam, 0.1 mg/kg IM), induction with gas anesthetics is recom-
mended. Mask inductions with isoflurane or sevoflurane can be
very fast, occurring in as little as three to four breaths because of
high alveolar exchange and the low solubility of these anesthetic
gases.

During anesthesia of pinnipeds, their temperature should be
continuously monitored via esophageal or rectal probe.
Hyperthermia or hypothermia can occur during physical re-
straint, sedation, anesthesia, and handling outside of the normal
aquatic environment. It is important to be prepared to support
body temperature by either warming or cooling the animal, as
necessary. Assessment of ventilation requires the use of both
carbon dioxide monitoring and pulse oximetry. A Doppler flow
detector can also be an important tool in assessing peripheral
perfusion.

Odobenidae (Walruses)
Walruses are very challenging to anesthetize. Adult males weight
up to 3000 pounds (1360 kg). High mortality rates have been re-
ported with the use of opioids and dissociative anesthetics but are
most likely the result of severe respiratory and circulatory com-
promise when the animals are out of the water and under anes-
thesia. Respiratory arrest has been commonly reported during
immobilization with potent opioids. Even with ventilatory sup-
port, these large animals may develop circulatory failure during
anesthesia.

Captive walruses have been immobilized with a combination
of midazolam (0.1 mg/kg) and meperidine (2.2 mg/kg). To pre-
vent vagal induced bradycardia, the use of atropine (0.04 mg/kg)
is also recommended. The recommended injection sites for IM
injections are the hip and epaxial muscles. A long needle (3 to 4
inches) must be used to ensure effective IM drug absorption.

IV access is difficult, but vascular access can be obtained via
the epidural venous sinus. Needle placement is identical to place-
ment of epidural needles or catheters via the lumbosacral space.
With the walrus in sternal recumbency, the wings of the ileums
can be palpated. The needle should be perpendicular to the skin.
For large walruses, a 6-inch-long spinal needle is required. Easy
aspiration of blood with a syringe indicates proper depth and
placement. Epidural IV access can be used for administration of
fluid, emergency drugs, and anesthetics. Small boluses of propo-
fol (40 to 60 mg) can be used to relax muscles and facilitate en-
dotracheal intubation. During inhalant anesthesia, emergency
drugs can be administered via the endotracheal tube when IV ac-
cess is not available.

During the onset of immobilization and anesthesia, heart rate
is usually between 80 and 100 beats/min. As anesthesia deepens,
heart rate slows to around 60 beats/min. Apnea is common dur-
ing anesthesia and immobilization. Ventilatory support is essen-
tial when working with walruses.

Intubation is easiest with the walrus in sternal recumbency
with head extended. Despite their large size, walruses have small
oral cavities. Digital palpation of the larynx and direct placement
of the endotracheal tube is possible once the animal is relaxed
and the mouth pulled open by an assistant.

Isoflurane can be used to maintain general anesthesia in wal-
ruses. Oxygen flow rates and vaporizer settings are similar to
those recommended for equine anesthesia. The oxygen flow rate
should be at least 4 L/min to ensure adequate delivery of anes-
thetic and oxygen.

When used alone, meperidine has been administered by IM in-
jection at dosages ranging from 0.23 to 0.45 mg/kg. In this dose
range, sedation/restraint is usually moderate, without apparent
detrimental effects.3

Otariidae (Sea Lions and Fur Seals)
Attempts to sedate seals and sea lions have met with variable suc-
cess. As is the case for most wildlife, sedatives alone should not
be relied on for immobilization. Additionally, species response
may vary with the use of phenothiazine and benzodiazepine tran-
quilizers.8 Nevertheless, the use of tranquilizers is beneficial in
the overall management of Otariidae because tranquilizers de-
crease the overall anesthetic dose requirement and adverse side
effects when combined with dissociatives or opioids.

Ringed seals and sea lions have been immobilized with keta-
mine alone (4.5 to 11.0 mg/kg IM).9 However, because of the
concern for excessive salivation, animals with respiratory prob-
lems should not be given high doses of ketamine alone. Atropine
(total dose, 0.3 to 0.6 mg) can be given concurrently to prevent
excessive salivation. Phocid seals have been successfully anes-
thetized with a combination of ketamine (1.5 mg/kg) and di-
azepam (0.05 mg/kg) IM or IV.10 This protocol is preferred over
ketamine (2 mg/kg) alone because the ketamine dose can be de-
creased and induction and recovery are generally smoother.
Apparently, Weddell seals (Leptonychotes weddelli) can be
safely immobilized with relatively low doses of ketamine (2
mg/kg IM) prior to induction with a gas anesthetic.11

Southern elephant seals (Mirounga leonina) are generally so
lethargic that they can be injected at close range with a pole sy-
ringe.12 A 16- to 18-gauge needle up to 4 inches long is needed
to penetrate the skin and underlying blubber. Although succinyl-
choline (2.5 mg/kg) has been used to immobilize seals rapidly,12

it should not be used without concurrent analgesic or anesthetic
drug administration and ventilatory support.

For IV injections, sea lions are best restrained in a squeeze
cage to enable access to a protruding flipper. A vein on the ven-
tral aspect of the flipper, approximately 3 cm anterior to its pos-
terior edge, can be used for IV administration. Thiopental or thi-
amylal can be given at the rate of 2.2 to 4.4 mg/kg to produce
anesthesia.13 Barbiturates should be given rapidly to minimize
struggling and to produce relaxation. Alternatively, isoflurane or
halothane can be administered by means of a face mask to induce
anesthesia. Sea lions can hold their breath for as long as 5 min.
When they do breathe, their air intake is enormous and rapid. For
this reason, the respiratory pattern during anesthetic induction is
not an accurate gauge of CNS depression. Once the animal is in-
duced, the trachea is easily intubated for further inhalant admin-
istration. Concentrations of 0.75% to 1.5% are usually sufficient
to maintain anesthesia.

Northern sea lions have been successfully anesthetized with
Telazol (tiletamine-zolazepam). The recommended dose range is
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1.8 to 2.5 mg/kg IM. The effective dose may vary from one ani-
mal to another. Tiletamine-zolazepam doses of more than 2.5
mg/kg IM can be fatal in sea lions. Hypothermia is commonly
observed in animals that receive higher doses (2.5 mg/kg IM or
larger).14

Several anesthetic regimens have been described for inducing
anesthesia in California sea lions (Zalophus californianus).15

The first combination consists of atropine (0.02 mg/kg) given IM
10 min prior to medetomidine (0.14 mg/kg IM) and ketamine
(2.5 mg/kg IM) administration. Sea lions of all ages and weights
(13.5 to 145.0 kg) have been anesthetized with this mixture.
Following IM injection, induction time ranges from 9 to 17 min,
whereas anesthesia time ranges from 17 to 57 min.15 It should be
noted that the standard 1.0-mg/mL concentration of medetomi-
dine is too dilute and expensive for this technique and may limit
its use. Reversal with atipamezole at a dosage of 0.2 mg/kg IM
can hasten and reduce recovery time.15

In a similar study using 1.0 mg/kg IM of Telazol, the medeto-
midine dosage was reduced by half to 0.07 mg/kg IM. Induction
time was reduced to approximately 5 min, while anesthesia/
immobilization with this mixture averaged nearly 30 min. The
disadvantages of this anesthetic regimen include prolonged
ataxia, weakness, and some disorientation during recovery.
Typically, this combination will provide a rapid induction with a
reliable plane of anesthesia. Recovery can be hastened with ati-
pamezole at a dosage of 0.2 mg/kg IM.16

Young California sea lion pups that are hand caught can be in-
duced by mask technique alone using either isoflurane or
sevoflurane. Induction and recovery times average under 10 min
when using isoflurane alone to maintain anesthesia.17 Relaxation
is evident within a few minutes of administration of isoflurane by
mask.

Premedication with IM meperidine (0.23 to 0.45 mg/kg) ap-
parently provides little restraint of sea lions, while causing pro-
found respiratory depression. Consequently, low dosages are ad-
vised when using meperidine for analgesia or as part of the
immobilization technique in this species of seals.3

Steller sea lions have been darted using Telazol delivered via a
carbon dioxide–powered blowpipe. The average dose adminis-
tered was 2.3 mg/kg IM. Approximately one-third of the animals
required additional CNS depression with isoflurane to achieve
anesthesia. Following induction, all animals were intubated and
maintained on isoflurane in oxygen. If apneustic breathing was
observed after Telazol injection, doxapram was used to stimulate
breathing and aid in induction of inhalant anesthesia.18 Young
Steller sea lion pups and yearlings caught by trained scuba divers
have become severely hypothermic (<90°F [<32°C]) when anes-
thetized immediately after snaring, emphasizing the importance
of monitoring temperature closely when working with this
species.18

Both ketamine (2.1 mg/kg IM) and Telazol (1.1 mg/kg IM)
have been used to immobilize fur seals. Individual animal re-
sponse to these drugs appears to be highly variable, however. The
dose requirement for satisfactory levels of anesthesia and immo-
bilization appears to be less than for most other species of seals.
Few side effects have been observed when using low doses of

these drugs, aside from mild tremors caused by ketamine, and
respiratory depression or prolonged apnea caused by tiletamine-
zolazepam. When working with fur seals, relatively low doses of
ketamine or Telazol can be quite effective, especially for animals
in good body condition.19

Phocids (True Seals)
Phocidae or true seals include northern hemisphere seals such as
the harbor, gray, bearded, and hooded seals. The southern hemi-
sphere seals include monk, crabeater, Weddell, leopard, Ross,
and elephant seals. Many of these species have been studied in
free-ranging environments and are commonly included in zoo-
logical parks and aquariums.

Southern elephant seals have been extensively studied, and
multiple anesthetic techniques have been used successfully.
Telazol has been administered to over 1000 southern elephant
seals without acute fatality. Older and better-conditioned animals
appear to have faster recoveries, and no gender differences have
been noted. Apnea has been observed in some animals, but typi-
cally lasts less than 5 min.20 A 1-mg/kg IM dose of Telazol is
considered both safe and effective in this species.21 Telazol ad-
ministration at a dose under 0.5 mg/kg IV will produce anesthe-
sia in 30 s or less. Anesthesia achieved with IV Telazol, even at
this low dose, will range from 15 to 20 min.22

Ketamine alone can be administered to elephant seals at doses
ranging from 2 to 8 mg/kg IM. At a dose of 8 to 9 mg/kg IM, im-
mobilization should occur in 15 min. The dosage required de-
pends greatly on which sedative is used in conjunction with ket-
amine. An IM dose of 0.4 to 0.5 mg/kg of xylazine has been
combined with 5 to 6 mg/kg of ketamine for short periods of im-
mobilization.23 Alternatively, diazepam can be dosed at 0.3
mg/kg IM with 8 mg/kg IM of ketamine. Lower doses of xy-
lazine (0.4 mg/kg) or diazepam (0.1 mg/kg) can also be given IV
to supplement muscle relaxation during ketamine anesthesia.
Medetomidine (0.013 mg/kg IM) has also been combined with
ketamine (2 mg/kg IM) to enhance muscle relaxation during im-
mobilization.24

In a study on the use of antagonists and stimulants to re-
verse sedation in elephant seals, yohimbine (0.06 mg/kg IM)
reversed xylazine sedation better than did doxapram, whereas 4-
aminopyridine actually prolonged recovery.25 Doxapram (0.5, 1,
2, and 4 mg/kg IV) caused a dose-dependent increase in the depth
and rate of ventilation, which began within 1 min, peaked after 2
min, and lasted for up to 5 min. The 2-mg/kg dose appeared to be
both safe and effective. Higher dosages (4 mg/kg) caused arousal
and shaking in some seals. Administration of doxapram via the
endotracheal tube was an unreliable route of drug delivery.25

Butorphanol has been evaluated as an analgesic in young ele-
phant seals at a dosage of 0.055 mg/kg IM.26 The dosage was
conservative and produced minimal observable effects. A com-
plete evaluation of this opioid’s analgesic efficacy in seals re-
quires additional use and observation. Similarly, published re-
ports of anesthetics in many phocids is sparse, making dosage
recommendations based on efficacy and safety difficult. For ex-
ample, when 30 Weddell seals were administered Telazol at IM
doses ranging from 100 to 300 mg, only 16 were fully immobi-
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lized, while 7 were moderately sedate and 7 were only lightly se-
dated. However, nearly 25% of the animals in the study died. The
cause of mortality is unknown and likely not due solely to either
the drugs or dosages used.27

Several IM drugs or drug mixtures have been described for use
in gray seals. These include ketamine (6 mg/kg) and diazepam (0.3
mg/kg), which produced adequate immobilization;28 tiletamine-
zolazepam (1 mg/kg); and carfentanil (0.01 mg/kg) with ketamine
(5 mg/kg) and xylazine (1 mg/kg).29 Each of these drug combina-
tions was reportedly effective in immobilizing gray seals.

Sirenia (Manatees)
Many minor procedures can be performed with proper physical
restraint. Local anesthetic infiltration should be used for proce-
dures that are painful. Captive manatees are removed from the
water by draining the pool or elevating the bottom of the holding
tank. While out of the water, manatees should be sprayed with
water to avoid skin drying and should be kept out of the sun to
prevent skin burning. They should be held in sternal recumbency
because the tail is potentially dangerous if placed in dorsal or lat-
eral recumbency. The tail can be restrained by people and foam
pads.

Sedation with midazolam generally works well. A dosage of
0.045 mg/kg IM is recommended. For light general anesthesia
and restraint, the combination of midazolam (0.066 mg/kg IM)
and meperidine (up to 1.0 mg/kg IM) is effective. Flumazenil and
naloxone are effective antagonists for this combination.30

Nasal-tracheal intubation is easily accomplished with the aid
of a fiberoptic endoscope, which is placed in one nasal passage
while the endotracheal tube is passed via the opposite nasal pas-
sage. Manual or mechanical ventilation is recommended to main-
tain the carbon dioxide level within normal limits during general
anesthesia. Isoflurane or sevoflurane are appropriate anesthetics
for maintenance with expected vaporizer settings of 1.5% to
2.5%.

Carnivora
Polar Bears
Since polar bears can have substantial fat deposits throughout the
year, the shoulder and neck are the best sites for IM drug deliv-
ery. Male polar bears can be large and heavy. Body weights of
greater than 500 kg are not uncommon. Because of their large
size and drug requirements, potent drug combinations are re-
quired to keep drug volume and dart size to a minimum.
Immobilized polar bears should be positioned to avoid excessive
pressure on limb muscles because such pressure has caused mus-
cle swelling and lameness. During the summer, polar bears enter
a hypometabolic state that is characterized by fasting and de-
creased body temperature (93° to 95°F [34° to 35°C]). Im-
mobilizing drug requirements may also be decreased during the
summer. In areas where large numbers of polar bears congregate,
reversible anesthetic protocols should be considered because
they will decrease the risk of predation by other bears. Reversible
protocols should also be considered for mother bears with cubs.

Polar bears immobilized with Telazol typically keep their heads
out of the water better than bears immobilized with opioids. This
is probably due to muscle extension with the use of dissociative
anesthetic versus the relaxed curled body position associated
with the use carfentanil or etorphine.

Mature polar bears can be darted with 22-caliber blank pow-
ered projectors and explosive-discharge darts. A needle up to 10
cm long is necessary to ensure the IM injection of drugs. Polar
bears are notorious for pretending to be immobilized and have
been known to awaken suddenly when approached. Always use
caution when approaching this species.

Immobilization drug choices include dissociatives and opi-
oids. Because Telazol is available in a lyophilized form, it can be
reconstituted with an �2-agonist, keeping the total volume lower
than with ketamine. Dosages of 8 to 10 mg/kg of Telazol will
produce reliable immobilization, but can also result in prolonged
recoveries.31 Used alone, the volume requirements are high,
making the use of a large dart necessary. The greater mass of a
large volume and the dart itself are more likely to produce exces-
sive tissue trauma and animal injury when the projectile pene-
trates tissue. For this reason, an IM combination of xylazine (2
mg/kg) and Telazol (3 mg/kg) is preferred as it has approxi-
mately half the volume requirement of Telazol alone. Addi-
tionally, partial reversal can be accomplished by administration
of either yohimbine or atipamezole. When rapid reversal of this
mixture is not achieved, it is probably due to residual zolazepam
sedation.

A similar anesthetic regimen consists of the IM injection of 75
µg/kg of medetomidine mixed with 2.2 mg/kg of Telazol.32 This
combination has a rapid onset of action and can be delivered IM
in a small volume to free-ranging polar bears. To reduce volume,
medetomidine (1 mg/mL) can be lyophilized and reconstituted to
a concentration of 6 mg/mL. The IM dosage range reported for
this mixture was 1.2 to 7.7 mg/kg. In all bears, the total volume
injected was always less than 10 mL. The average dose of
medetomidine injected was 0.07 mg/kg, whereas the average
dose of Telazol injected was 2.3 mg/kg. This regimen resulted in
an average anesthesia time of approximately 3 h. When medeto-
midine was reversed with atipamezole (0.24 mg/kg IM), recov-
ery time was reduced to an average of 6 min.32 Medetomidine
coadministration substantially reduced the volume requirement
of Telazol while providing analgesia. If Telazol is used alone,
dosage requirement increases from under 2.5 to 5 mg/kg IM.
With the medetomidine-tiletamine-zolazepam mixture, bears be-
come ataxic in 1 to 3 min, typically sit in 4 to 5 min, and become
recumbent shortly thereafter. Maximal effects are usually seen in
20 min. The duration is dose dependent, with recumbency lasting
approximately 2 h.32 Following immobilization, the suspension
of polar bears in a cargo net can cause acute hypertension (up to
a 50% increase in mean arterial pressure), hypoxemia, and evi-
dence of stress. Cargo nets can restrict both ventilation and cir-
culation. Bears should be transported on a rigid platform rather
than lifted in a net.33

Opioids can provide for some sedation and analgesia, as well
as immobilization. Fentanyl, carfentanil, and etorphine have all
been used to immobilize polar bears. The published mean IM
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dosage for fentanyl in polar bears is 0.44 mg/kg. Unless concen-
trated forms of fentanyl become available, the volume needed is
usually too large for the practical use of this drug in adult bears.
Fentanyl reportedly provides better muscle relaxation than etor-
phine. Naloxone can be dosed at 25 mg per 10 mg of fentanyl 
or 25 mg per 0.5 mg of etorphine for rapid reversal (within 
10 min).34

Sea Otters
Numerous combinations have been assessed in sea otters, in-
cluding Telazol, butorphanol-diazepam, oxymorphone-
acepromazine-diazepam, azaperone-fentanyl-diazepam, and
fentanyl-diazepam. Of these, the most effective combinations
appear to be fentanyl (0.1 mg/kg) with either acepromazine or
diazepam (0.22 mg/kg) IM.35

Manual restraint and nets are often effective for capture and
examination. Hand injection can be used in these situations. If
manual restraint is feasible, mask induction with either isoflurane
or sevoflurane works well. Altered thermoregulation may cause
body temperature to increase during capture. Otters should be
transported in well-ventilated cages that are iced to help keep an-
imals cool during transport.

Experience in sedating sea otters after the 1989 Valdez oil spill
resulted in the recommendation of combined fentanyl (0.05 to
0.1 mg/kg IM) and diazepam (0.1 mg/kg IM) as the preferred
technique in this species. It should be noted that many other im-
mobilizing mixtures were used only a few times, and the mortal-
ity rate for all anesthetized sea otters was extremely high because
of oil exposure.35

Other drug combinations used successfully to sedate, immobi-
lize, or anesthetize sea otters include Telazol alone (2 mg/kg IM);
ketamine (2.5 mg/kg IM) and medetomidine (0.25 mg/kg IM);
ketamine (10 mg/kg IM) and midazolam (0.25 mg/kg IM); keta-
mine (1.5 mg/kg IM) and xylazine (1.5 mg/kg IM); and etorphine
(0.03 to 0.05 mg/kg IM) with diazepam (0.06 mg/kg IM).
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Introduction
The principles and practices of avian anesthesia depend on an
understanding of avian anatomy, physiology, and pharmacology.
This chapter focuses on the avian pulmonary and cardiovascular

systems because they are of the utmost importance in the anes-
thetic management of birds; where appropriate, however, other
organ systems are discussed. Although drugs are discussed in
general terms, and more specifically for ratites, this chapter is
not a compendium of drugs and doses useful for anesthetic man-
agement of all species of birds. For such a compendium the
reader is referred to the list of suggested readings at the end of
this chapter.

Form and Function
Pulmonary System
The avian pulmonary system is very different from that of the
mammalian system. A brief description of avian pulmonary
anatomy and physiology will help to explain earlier misconcep-
tions and current realities regarding the effects of anesthetics on
birds, especially inhalant anesthetics. The avian respiratory sys-
tem consists of two separate and distinct functional components:
a component for ventilation (conducting airways, air sacs, tho-
racic skeleton, and muscles of respiration), and a component for
gas exchange (parabronchial lung).

Ventilation Component
Larynx and Trachea
The avian larynx protrudes into the pharynx as a somewhat heart-
shaped mound and consists of four laryngeal cartilages: the
cricoid, procricoid, and the right and left arytenoid cartilages.1

Unlike mammals, the thyroid and epiglottic cartilages are absent
in birds.1 In birds, the larynx functions as a barrier to foreign ma-
terial entering the airway, opens the glottis during inspiration, as-
sists in swallowing, and may modulate sound production.1

In all avian species the tracheal cartilages form complete rings,
but there are significant species-related variations in tracheal
anatomy.1 For example, the emu and ruddy duck have an inflat-
able saclike diverticulum (tracheal sac) that opens from the tra-
chea.1 In the emu the sac arises from the ventral surface of the
trachea approximately three-quarters of the way down the neck,
where there is a slitlike opening created by the incomplete tra-
cheal rings ventrally (Fig. 34.1).1 The caudal end of the sac may
extend almost to the level of the sternum. This sac is present in
both sexes and is responsible for the characteristic booming call
of the emu.

In the ruddy duck the sac opens in a depression on the dorsal
wall of the trachea immediately caudal to the larynx, thus lying
between the trachea and esophagus.1 In this bird the sac is found
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only in the male and may act as a sounding board for the bill-
drumming display of the male.1

The male of many anseriform species (waterfowl such as ducks
and mergansers) has a unique anatomical feature of the trachea—
the tracheal bulbous expansion—which is a bulblike structure in
the trachea, and its exact function has not been determined.

A double trachea, found in some penguins and petrels, consists
of a median septum dividing part of the trachea into right and left

channels.1 In both groups of birds the septum extends cranially
from the bronchial bifurcation, but the length of the septum is
quite variable. For example, in the jackass penguin the septum
extends to within a few centimeters of the larynx, whereas in the
rockhopper penguin the septum is only 5 mm long.1

Some species of birds have complex tracheal loops or coils
that, depending on the species, may be located in the caudal
neck, within the keel, or within the thorax and the keel (Fig.
34.2). Studies in cranes have demonstrated that tracheal coiling
enables these birds to produce extremely loud calls by using very
low driving pressures.2

The fact that birds generally have relatively long necks, not to
mention tracheal loops and coils, has important implications for
the functional morphology of the trachea, especially tracheal
dead space. Studies indicate that the typical bird trachea is 2.7
times longer than that of comparably sized mammals, but be-
cause the bird trachea is 1.29 times wider, the tracheal resistance
in birds and mammals is comparable.1 Tracheal dead-space vol-
ume is increased in birds to about 4.5 times that of comparably
sized mammals, but the relatively low respiratory frequency of
birds, approximately one-third that of mammals, ensures that the
effect of the larger tracheal dead-space volume is decreased.1 As
a result the minute tracheal ventilation rate is only about 1.5 to
1.9 times that of mammals.1
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Fig. 34.1. Tracheal slit of an emu (Dromaius novaeholllandiae). From
J. A. Smith, DVM, DACVA; with permission.

Fig. 34.2. Different forms of tracheal loops: black
swan (Cygnus atratus), whooper swan (Cygnus
cygnus), white spoonbill (Platalea leucorodia),
whooping crane (Grus americana), and helmeted
curassow (Crax Pauxi). Adapted from McLelland.1



Syrinx
The syrinx, the sound-producing organ in birds, is located at the
junction of the trachea and mainstem bronchi. Its shape, size, and
location are extremely variable among avian species. For a thor-
ough review of this anatomical structure the reader is referred to
the work by A. S. King.3 The location and structure of the syrinx
explain why gas flowing through the trachea, especially during
positive-pressure ventilation, can produce sound in an intubated
bird.

Bronchi
The bronchial system of birds consists of three orders of branch-
ing: a primary bronchus (extrapulmonary and intrapulmonary),
secondary bronchi, and tertiary bronchi (parabronchi), the latter
of which, along with the periparabronchial mantle of tissue,
forms the gas-exchange tissues of the lung.4

The primary bronchus enters the lung ventrally and obliquely
at the junction of the cranial and middle thirds of the lung, and
then passes dorsolaterally to the lung surface, where it turns cau-
dally in a dorsally curved course until at the caudal lung margin
it opens into the abdominal air sac.5 Under the low columnar,
pseudostratified epithelium of the primary bronchi is a well-
developed internal circular smooth muscle layer and longitudi-
nally oriented smooth muscles that respond to a variety of stim-
uli and can change the internal diameter of the primary
bronchus.6 Acetylcholine, pilocarpine, and histamine induce
strong contraction of the bronchial smooth muscle, whereas at-
ropine blocks their effects but has no effect when given alone.7

Secondary Bronchi
Any bronchus arising from a primary bronchus is a secondary
bronchus, and in most birds the secondary bronchi are arranged
into four groups: medioventral, mediodorsal, lateroventral, and
laterodorsal secondary bronchi.4 The medioventral secondary
bronchi arise from the primary intrapulmonary bronchus close to
where it enters the lung, and these secondary bronchi occupy the
ventral surface of the lung.8 The mediodorsal, lateroventral, and
laterodorsal secondary bronchi arise from the caudal curved por-
tion of the primary intrapulmonary bronchus. Between the me-
dioventral group of secondary bronchi and the three remaining
groups of secondary bronchi, depending on the species, is a sec-
tion of primary bronchus devoid of secondary bronchi.4 For a
short distance the secondary bronchi have the same histological
structure as the primary bronchus, but subsequently develop sim-
ple squamous epithelium.9,10 There are single small circular
bands of smooth muscle over which there is ciliated epithelium.6

Many of the medioventral and lateroventral secondary bronchi
open into the cervical, clavicular, cranial thoracic, or abdominal
air sacs.

Air Sacs
Birds have nine air sacs: two cervical, an unpaired clavicular, two
cranial and two caudal thoracic, and two abdominal air sacs. The
air sacs are thin-walled structures composed of simple squamous
epithelium covering a thin layer of connective tissue, although
close to the secondary bronchial openings into the air sacs are

groups of ciliated cuboidal and columnar cells.4 The air sacs are
vessel poor and as such do not significantly contribute to gas ex-
change in birds.11 To a varying extent, depending on the species,
diverticula from the air sacs aerate the cervical vertebrae, some
of the thoracic vertebrae, vertebral ribs, sternum, humerus,
pelvis, and head and body of the femur.4

The air sacs functionally serve as bellows to the lungs by pro-
viding tidal air flow to the relatively rigid avian lung.12 Based on
their bronchial connections, air sacs are grouped into a cranial
group consisting of the cervical, clavicular, and cranial thoracic
air sacs, and a caudal group consisting of the caudal thoracic and
abdominal air sacs.13 The volume is distributed approximately
equally between the cranial and caudal groups of air sacs.14

During ventilation, all air sacs are effectively ventilated, with the
possible exception of the cervical air sacs, and the ratio of venti-
lation to volume is similar for each air sac.14

Muscles of Respiration and the Thoracic Skeleton
In birds, unlike in mammals, both inspiration and expiration are
active processes requiring muscular activity (Table 34.1). With
contraction of the inspiratory muscles the internal volume of the
thoracoabdominal cavity increases (Fig. 34.3), and since the air
sacs are the only significant volume-compliant structures within
the body cavity, volume changes occur mainly in the air sacs.14

Pressure within the air sacs becomes negative relative to ambient
atmospheric pressure, and air flows from the atmosphere into the
pulmonary system, specifically into the air sacs and across the
gas-exchange surfaces of the lungs.

Gas-Exchange Component
Tertiary Bronchi
The basic unit for gas exchange is the tertiary bronchus or para-
bronchus and its mantle of surrounding tissue. The parabronchi,
which connect the two main sets of secondary bronchi, are long,
narrow tubes that display only a mild degree of anastomosing
(Fig. 34.4).8 A network of smooth muscle surrounds the entrances
to the parabronchi, and this smooth muscle, upon electric stimu-
lation of the vagus nerve, can contract and cause narrowing of the
openings to the parabronchi.15 The inner surfaces of the tubular
parabronchi are pierced by numerous openings into chambers
called atria that are separated from each other by interatrial septa
(Fig. 34.5). The atrial openings also are surrounded by bundles of
smooth muscle.4 Since the avian lung is richly innervated with
vagal and sympathetic nerves, efferent and afferent pathways
might exist for controlling pulmonary smooth muscle, and with it
the flow of air through the parabronchial lung, in response to a va-
riety of stimuli.13 Arising from the floor or abluminal surface of
the atria are funnel-shaped ducts, the infundibula, that lead to air
capillaries. The air capillaries measure 3 to 10 µm in diameter and
form an anastomosing three-dimensional network intimately in-
terlaced with a similarly structured network of blood capillar-
ies.4,5 It is within this mantle of interlaced air and blood capillar-
ies, this periparabronchial tissue, that gas exchange occurs.

The small radius of curvature of air capillaries is associated
with very high surface tensions that work against their anatomi-
cal and gas-exchange integrity, but their functional integrity is
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maintained by surfactant and by anatomical details that con-
tribute to the rigidity of the avian lung. Surfactant is a lipopro-
teinaceous material produced by squamous respiratory cells, and
it forms a trilaminar substance unique to birds.16 Not only does
surfactant cover surfaces of the atria, infundibula, and air capil-
laries, but it is also found in outgrowths of squamous respiratory
cells that form at the abluminal surface of the cells and extend
through clefts between blood capillaries to reach other air capil-

laries. In addition to this network, squamous respiratory cells ap-
pear to project processes—retinacula—that bridge to the oppo-
site side of air capillaries.16 All of this results in an intricate in-
tercapillary anastomosing network that firmly anchors the air
capillary system to the blood capillaries and forms the structural
basis for the rigid avian lung that has a constant volume during
all phases of ventilation.4,16,17

There are two types of parabronchial tissue in the avian lung:
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Fig. 34.3. Changes in the position of the thoracic skeleton during breathing in a bird. The solid lines represent thoracic position at the end of
expiration, whereas the dotted lines show the thoracic position at the end of inspiration. From Fedde,184 with permission.

Table 34.1. Muscles of respiration in birds.

Inspiratory Muscles Expiratory Muscles

Principal Principal
M. scalenus Mm. intercostales interni (in 3rd & 6th spaces)
Mm. intercostales interni (in 2nd space) Mm. intercostales externi (in 5th & 6th spaces)
Mm. intercostales externi (except in 5th & 6th spaces) M. costosternalis par minor
M. costosternalis pars major M. obliquus externus abdominis
M. levatores costarum M. obliquus internus abdominis
Accessory M. rectus abdominis
M. serratus profundus M. transversus abdominis

Mm. costoseptales
Accessory
M. serratus superficialis pars cranialis et caudalis
M. rhomboideus superficialis
M. rhomboideus profundus
M. latissimus dorsi
Mm. iliocostalis et longissimus dorsi

Adapted from Fedde.188



paleopulmonic and neopulmonic. The paleopulmonic parabron-
chial tissue consists of essentially parallel, minimally anastomos-
ing parabronchi and is found in all birds (Fig. 34.6A). By com-
parison, neopulmonic parabronchial tissue is a meshwork of
anastomosing parabronchi located in the caudolateral portion of
the lung; its degree of development is species dependent (Fig.
34.6B and C).4 Penguins and emus have only paleopulmonic
parabronchi. Pigeons, ducks, and cranes have both paleopul-
monic and neopulmonic parabronchi, with the neopulmonic ac-
counting for 10% to 12% of the total lung volume.13 In fowl-like
birds and song birds the neopulmonic parabronchi are more de-
veloped and may account for 20% to 25% of the total lung vol-
ume.13 Although the paleopulmonic and neopulmonic para-
bronchi are histologically indistinguishable from each other, the
direction of gas flow within the two types differs.

During inspiration and expiration the direction of gas flow in
the paleopulmonic parabronchi is unidirectional, whereas in the
neopulmonic parabronchi it is bidirectional (Fig. 34.7).13,14 The
unidirectional flow of gas through the intrapulmonary primary
bronchus, the secondary bronchi, and the paleopulmonic para-
bronchi is governed by processes of aerodynamic valving and not
by mechanical valving mechanisms.18–25 Aerodynamic valving
occurs as a consequence of the orientation of secondary bronchial
and air sac orifices to the direction of gas flow, elastic pressure

differences between the cranial and caudal group of air sacs, and
gas convective inertial forces.18,20,21,23,25,26 The potential advan-
tage of unidirectional gas flow to birds is discussed later.

A cross-current model of gas exchange describes the relation-
ship between gas and blood flows within the avian lung. In birds
there is no equivalent of alveolar gas because parabronchial gas
continuously changes in composition as it flows along the length
of the parabronchus.27 The degree to which capillary blood is
oxygenated and carbon dioxide is eliminated depends on where
along the length of the parabronchus the blood contacts the
blood-gas interface. As a result the gas composition of arterial
blood is formed by the mixing of streams of end-capillary blood
of widely varying gas composition.28 In addition, blood perfus-
ing the inspiratory end of the parabronchus can equilibrate with
gas entering the parabronchus that has a high partial pressure of
oxygen. The overall result is that the partial pressure of carbon
dioxide in end-parabronchial gas (PECO2) can exceed the arterial
carbon dioxide partial pressure (PaCO2). In like manner, the par-
tial pressure of oxygen in end-parabronchial gas (PEO2) can be
lower than the arterial oxygen partial pressure (PaO2).29–31 This
potential overlap of the ranges of blood and gas partial pressures
for both carbon dioxide and oxygen, which cannot occur in the
mammalian alveolar lung, demonstrates the high gas-exchange
efficiency of the avian lung.29,30
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Fig. 34.4. Two views of secondary bronchi and parabronchi in the right lung of a goose. A: Medial view of the lung. 



A number of factors limit gas-exchange efficiency in the avian
lung, including mismatching of ventilation and perfusion, diffu-
sion barriers, heterogeneity within the lung, and postpulmonary
shunts.29,31 It is generally assumed that diffusion is the primary
gas transport mechanism in air capillaries,32 but small amounts
of iron oxide particles (mean diameter, 0.18 µm) have been found
in air capillaries, indicating that there is some convective trans-
port of aerosol to the atria and the initial portions of the in-
fundibula.33 The gas-exchange efficiency of the avian lung usu-
ally is not apparent under resting conditions (Table 34.2), but
becomes readily apparent under conditions of exercise or stress,
such as during flight at altitude or hypoxia.31,34–37

Despite its relative efficiency, the avian lung does have some

limitations. By using casting methods and gas-washout tech-
niques, the specific volume (respiratory gas volume per unit body
mass) of the avian respiratory system is estimated at between 100
and 200 mL/kg (by comparison, the specific volume for dogs is
45 mL/kg).14 However, in birds the gas volume in the para-
bronchi and air capillaries is only 10% of the total specific vol-
ume, whereas that in the mammalian lung is 96% of the total spe-
cific volume. Because the ratio of residual gas volume to tidal
volume is so much smaller in birds than in mammals, it has been
suggested that cyclic changes in parabronchial gas flow, such as
reversal of gas flow, could produce significant and intolerable
cyclic changes in parabronchial gas exchange somewhat analo-
gous to breath holding.12 The unidirectional flow of gas within
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Fig. 34.4. (continued) B: Dorsal view of the
lung. From Brackenbury,185 with permission.



the avian lung solves this problem. In addition, it appears that the
volume of parabronchial gas available for gas exchange may be
larger than anatomical studies would indicate and may be due to
factors such as cardiogenic mixing or pulsations of blood flow
within the pulmonary capillaries.12

Control of Ventilation
Birds have many of the same physiological components for res-
piratory control as mammals, such as a central respiratory pattern
generator, central chemoreceptors that are sensitive to partial
pressure of carbon dioxide (PCO2), and many similar peripheral
chemoreceptors.38 Birds have a unique group of peripheral re-
ceptors located in the lung, called intrapulmonary chemorecep-
tors (IPCs), that are vagal respiratory afferents inhibited by high
lung PCO2 and excited by low lung PCO2, and that provide pha-
sic feedback for the control of breathing, specifically the rate and
depth of breathing.38–41 They are not mechanoreceptors and are
insensitive to hypoxia.42,43 This is not to imply, however, that
IPCs are the sole receptors stimulated by inhaled gas containing
even low partial pressures of carbon dioxide, as arterial and cen-
tral chemoreceptors also are stimulated.44

There may be species differences in carbon dioxide respon-
siveness depending on the ecological niche that a given species
occupies. The carbon dioxide responsiveness of IPCs in chick-
ens, ducks, emus, and pigeons is greater than the responsiveness

of IPCs of burrowing owls, a species of bird that lives under-
ground, where the concentration of carbon dioxide is higher than
that of aboveground-dwelling birds.45,46

Cardiovascular System
The avian heart is a four-chambered muscular pump that sepa-
rates venous blood from arterial blood. Birds have larger hearts,
larger stroke volumes, lower heart rates, and higher cardiac out-
put than do mammals of comparable body mass.47 Birds also
have higher blood pressures than do mammals.47,48 The atria and
ventricles are innervated by sympathetic and parasympathetic
nerves.48 Norepinephrine and epinephrine are the principal sym-
pathetic neurotransmitters, whereas acetylcholine is the principal
parasympathetic neurotransmitter. Excitement and handling can
increase the concentration of norepinephrine and epinephrine, es-
pecially the latter, in the heart and blood.48 This has significant
implications for the anesthetic management of birds because in-
halant anesthetics, especially halothane, sensitize the myocar-
dium to catecholamine-induced cardiac arrhythmias. Hypoxia,
hypercapnia, and anesthetics, the last depending on the type and
dose, all can depress cardiovascular function.

The conduction system of the avian heart consists of the sinoa-
trial node, the atrioventricular node (and its branches), and
Purkinje fibers.49 Two groups of animals can be identified by the
depth and degree to which Purkinje fibers ramify within the ven-
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Fig. 34.5. Three-dimensional drawings of a parabronchus and an
atrium. A: Sagittal section of a parabronchus. On the left side are atria
with infundibula departing from them and the three-dimensional air
capillary meshwork arising from the infundibula. On the right side
within the interparabronchial septa are the arterioles (dense stippling)
from which the capillaries originate and run radially to the lumen. The
infundibula lie between the capillaries, which are surrounded by a well-
developed three-dimensional air capillary network. B: Atrium and in-
fundibulum. At the left, two of the circular smooth muscle bundles sur-
rounding the lumen of the parabronchus are shown in cross section.
The atria are separated by this septa running horizontally and verti-
cally. Originating from each atrium, a few infundibula pass perpendic-
ularly into the parabronchial mantle. At the right, an infundibulum is
shown in longitudinal section with air capillaries arising from it at all
levels. The air capillaries cross-link and interlace, making up a three-
dimensional meshwork around the blood capillaries. The very thin ep-
ithelium of the air capillaries and its surfactant film are shown as a sin-
gle dark line. From Duncker,6 with permission from Elsevier Science
and Professor Duncker; digital images kindly provided by Professor
Duncker. A, atrium; a, arteriole; I, infundibulum; and v, venule.
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Fig. 34.6. Drawings of paleopulmonic and neopulmonic lungs. A: The paleopulmonic lung found in penguins and emus. B: The paleopulmonic
and neopulmonic lungs found in storks, ducks, and geese. 
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tricular myocardium, and the pattern of ramification is classified
as type 1 or 2.50 The pattern of Purkinje fiber distribution within
the ventricular myocardium is responsible for the QRS morphol-
ogy of the electrocardiogram (ECG). In birds, Purkinje fibers
completely penetrate the ventricular myocardium from endo-
cardium to epicardium, and the pattern of ventricular activation
is described as type 2b, a pattern that may facilitate synchronous
beating at high heart rates.51 ECG characteristics have been de-
scribed for a number of avian species, and the salient features of
the avian ECG are summarized in Table 34.3.49,51–55

Renal Portal System
The avian kidney receives venous blood from the legs through
the renal portal circulation, as well as arterial blood through the
arterial circulation.56,57 The flow of afferent venous blood, unlike
in other nonmammalian vertebrates, is not obligatory, since
blood can either perfuse the renal parenchyma or bypass it and
enter the central circulation (Fig. 34.8). A unique valvelike struc-
ture, the shape of which ranges from a thin membrane to a thick-
ened funnel with one or many openings depending on the
species, is located within the external iliac vein at the point where
the efferent renal vein joins the external iliac vein.57 The valve
contains smooth muscle innervated by cholinergic and adrener-
gic nerves. Epinephrine causes the valve to relax, whereas acetyl-

choline causes it to contract. When the valve contracts (closes),
venous blood from the legs perfuses the kidney, but when the
valve is relaxed (open), the venous blood is directed to the cen-
tral circulation. The control of renal valve activity is complex,
and its function is not fully understood.

Form and Function: Implications for
Anesthetic Management
Air Sacs
The air sacs of birds are vessel poor and do not significantly par-
ticipate in gas exchange. For this reason they do not play a major
role in the uptake of inhalant anesthetics, nor, as has been sug-
gested, do they accumulate or concentrate anesthetic gases.58

Indeed, a study of anesthetized spontaneously breathing pigeons
found that the concentration of isoflurane in the abdominal air
sacs was always lower than the concentration measured at the
end of the endotracheal tube.59

Fluidic Valving and Mechanical Positive-
Pressure Ventilation
During positive-pressure ventilation, it is possible that the direc-
tion of gas flow within the avian lung may be reversed, but such
a reversal does not affect gas exchange, since the efficiency of the
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Fig. 34.6. (continued) C: The paleopulmonic lung and more highly developed neopulmonic lung found in chickens, sparrows, and other song
birds. From Fedde,13 with permission.
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cross-current model does not depend on the direction of flow.14

Studies in which blood gases were collected from mechanically,
bidirectionally ventilated birds did not show an adverse effect of
mechanical ventilation on gas exchange.60,61

Effects of Anesthesia and Body Position on
Ventilation
As mentioned earlier, the avian lung is very efficient at gas ex-
change, but this efficiency is compromised by anesthesia. A num-
ber of causative factors are probably responsible. In mammalian
species, it has been amply demonstrated that injectable and in-
halant anesthetics, through their effects on the central nervous
system and peripheral chemoreceptors, significantly depress ven-

tilatory responses to hypoxia and hypercapnia.62–64 Since birds
have many of the same mechanisms for controlling ventilation as
mammals, it seems reasonable to assume that anesthetics will
similarly depress avian ventilatory control mechanisms. A num-
ber of studies have shown that inhalants depress the responsive-
ness of a number of peripheral control mechanisms that directly
or indirectly affect ventilation.65–67

Barbiturates depress ventilation in birds, but birds retain the
ability to respond to inspired carbon dioxide.68,69 Furthermore,
electromyograms from cocks lightly anesthetized with pento-
barbital demonstrated that inspiratory and expiratory muscles 
of ventilation were equally depressed by the anesthetic.70 Mus-
cle relaxation is a feature of general anesthesia, and the degree

850 ● Anesthesia, Analgesia, and Immobilization of Selected Species and Classes of Animals

Fig. 34.7. Schematic representation of the right paleopulmonic lung and air sacs of a bird and the pathway of gas flow through the pulmonary
system during inspiration and expiration (the neopulmonic lung has been removed for purposes of clarity). A: Inspiration. B: Expiration. Adapted
from Fedde13 and Brown et al.,186 with permission.



of relaxation depends on the anesthetic. Because inspiratory 
and expiratory muscle activity is essential for ventilation in
birds, any depression of muscle activity will affect ventilatory
efficiency.

The position of a bird during anesthesia can significantly af-
fect ventilation. As early as 1896, it was recognized that ventila-
tion was reduced in birds placed on their backs.71 A number of
factors contribute to this phenomenon, not the least of which is
the weight of the abdominal viscera compressing the abdominal
air sacs and thus reducing their effective volume.

In summary, a number of factors regulating ventilation are
affected by anesthetics. By understanding how anesthetics affect
these control mechanisms, appropriate adjustments can be made
in anesthetic management, thus minimizing or eliminating
anesthetic-induced deleterious effects on pulmonary function in
anesthetized birds.

Lung Gas Volume, Anesthesia, and the Dive
Response
During anesthesia the lack of a significant functional residual
volume within the lung limits the period of time that a bird can
remain apneic. During induction of anesthesia in birds, espe-
cially waterfowl, apnea and bradycardia can occur and last for 3
to 5 min. Anesthetic gases are not required to elicit this response,
as it can occur when a mask is placed snugly over a bird’s beak
and face. This response has been referred to as a dive response,
but it is actually a stress response that appears to be mediated by
stimulation of trigeminal receptors in the beak and nares, at least
in diving ducks.72–74 During the stress response, blood flow is
preferentially distributed to the kidneys, heart, and brain.75 This
stress response makes safe induction of anesthesia in these birds
a challenge. This response may be ameliorated by the use of pre-
medicants such as diazepam or midazolam.

Unidirectional Ventilation: Implications for
Anesthesia and Artificial Respiration
Because of the flow-through nature of the avian respiratory sys-
tem, birds can be ventilated by flowing a continuous stream of

gas through the trachea and lungs, and out through a ruptured or
cannulated air sac.76,77 This same technique can be used to in-
duce and maintain anesthesia in birds.76,78–80 This technique also
offers an effective means by which to ventilate and resuscitate an
apneic bird or a bird with an obstructed airway.81,82 In one study
in which arterial blood gases were compared before and after
cannulation of the clavicular air sac in ducks, the arterial blood
gases (PaO2 and PaCO2) remained unchanged by air sac cannu-
lation.83 Despite the lack of change in blood gases, tidal volume
increased significantly, and a doubling of minute ventilation was
coupled with a slight but insignificant increase in respiratory fre-
quency. However, a report involving sulfur-crested cockatoos
(Cacatua galerita) suggests that the clavicular air sac may not be
an appropriate route for air sac cannulation and delivery of anes-
thetic gas in all avian species.78 In this latter study, anesthesia
could not be maintained when isoflurane was insufflated through
the clavicular air sac

Intramuscular Injections and the Renal Portal
System
For walking birds, intramuscular injections are most commonly
administered in the pectoral muscles and in the leg muscles for
flying birds. Because birds have a renal portal system, there has
been some concern that injections in the leg muscles might result
in rapid elimination of drug through the kidneys and diminished
anesthetic response.84 The renal portal system may play an im-
portant role in those situations in which drug efficacy depends on
a constant blood level, as is the case for antimicrobial drugs. In a
study of pigeons that were injected with flumequine in the pec-
toral and leg muscles, significant differences in bioavailability
were found between the two injection sites, but whether this was
caused by the renal portal system or by differences in blood flow
was undetermined.85 Although the renal portal system may be an
important variable in antimicrobial therapy, its effect on anes-
thetic drugs injected into the leg muscles is probably unimpor-
tant. Injectable anesthetics are given to effect, and if a first dose
does not produce the desired result, an additional smaller dose
can be given to achieve the desired effect.
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Table 34.2. Gas-exchange variables in awake resting birds.

Domestic Muscovy Duck Common Starling Black Duck
Variable Pigeon Fowl Pekin Duck (Cairina moschata) (Sturnus vulgaris) (Anas rubripes)

Weight (kg) 0.38 1.6 2.38 2.16 0.08 1.03
MO2 (mmol · min�1) 0.35 1.09 1.67 — 0.13 0.84
fresp (min�1) 27 23 8 to 15 10 92 27
VT (mL) 7.5 33 16 to 98 69 0.67 30
VE (l · min�1) 0.204 0.760 0.807 to 0.910 0.700 0.061 0.79
Q (l · min�1) 0.127 0.430 0.423 to 0.973 0.844 — —
PaO2 (Torr) 95 87 93 to 100 96 — —
PaCO2 (Torr) 34 29 34 to 36 36 — —

MO2, oxygen consumption; fresp, respiratory frequency; VT, tidal volume; VE, minute ventilation; Q, cardiac output; PaO2, arterial oxygen partial pressure;
PaCO2, arterial carbon dioxide partial pressure. Adapted from Powell and Scheid.30
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General Considerations for Anesthesia
Physical Examination
Every bird should be given a thorough physical examination
prior to anesthesia. A number of excellent texts describe in detail
the techniques for physical examination and what to look for in
specific avian species.86–88 In general, quiet observation of a bird
in its cage provides a great deal of information. A bird’s aware-
ness of, and attention to, its surrounding environment, body form
and posture, feather condition, and respiratory rate all provide
clues to its physical condition. Birds should be removed from
their cage and examined, with particular attention given to the
nares and mouth. A stethoscope with a pediatric head should be
used to auscultate the heart and lungs. At the same time the
sharpness of the keel should be determined because this is a good
indicator of muscle mass and body fat.

Acclimation
When possible a bird should be allowed to acclimate to the clinic
or hospital environment prior to anesthesia. A bird brought into a

new environment will be stressed. Time allows the bird to calm
down after the initial physical examination and also gives the vet-
erinarian time to evaluate the results of blood work. It is not un-
usual that once a bird has acclimated to the new environment,
other signs of disease may become apparent that were masked at
first presentation.

Fasting
Fasting of birds prior to anesthesia and surgery has been contro-
versial. Arguments against fasting stem from a concern that
fasted birds will become hypoglycemic because of their high
metabolic rate and poor hepatic glycogen storage.89,90 However,
because of the hazards associated with regurgitation in minimally
fasted birds, some practitioners recommend that avian species,
regardless of size, be fasted overnight.91 A reasonable approach
is to hold an avian patient off food long enough for the upper gas-
trointestinal tract to empty, usually overnight in large birds and 4
to 6 h in smaller birds.92 Experience with waterfowl, cranes, and
ratites also suggests that in these birds an overnight fast is not
deleterious and reduces the incidence of regurgitation-associated
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Fig. 34.8. Ventral views of renal portal
shunts, portal sphincters, and variations
in portal blood flow. a: The three renal
portal shunts as marked on the left kid-
ney: 1, through the portal valve to the
caudal vena cava; 2, through the caudal
renal portal vein to the caudal mesenteric
vein; and 3, through the cranial renal por-
tal vein to the internal vertebral venous
sinuses. Shunts 1 and 2 can function in-
dividually, or all three collectively, to by-
pass of the kidney completely. b: Num-
erous combinations of vasoconstriction
(marked by crosses) result in highly var-
ied patterns of blood flow. c: Selected
examples of routes of blood flow through
the avian kidney. From Johnson,187 with
permission.



problems. In an emergency a bird with a full crop should be held
upright during induction with a finger positioned just below the
mandible so as to block the esophagus.92 Once the bird is anes-
thetized, the crop can be emptied by placing a finger covered
with gauze over the choanal slits to prevent food from entering
the nasal cavity and then milking the food contents out of the
crop and esophagus.92 At the end of anesthesia the oral cavity
should be checked for and cleaned of food material to prevent as-
piration.

Physical Restraint
Proper physical restraint is an important part in the handling and
anesthetic management of any bird. Improper capture or restraint
can cause physical trauma, including wing or leg fractures.
Because birds cannot dissipate heat through the skin, they can
become stressed and easily overheated with prolonged restraint.
Psittacine owners often judge the expertise of a veterinarian by
his or her ability to restrain their bird without bruising it around
the face. In general, a bird must be restrained so that the wings
and legs are controlled and not allowed to flap or kick about. For
long-necked birds such as herons and cranes, the neck must also
be controlled so as to avoid head, eye, and neck trauma.

Proper restraint is also necessary to protect personnel working
around birds. Each avian species has its own unique and effective
mechanisms for defense. Birds of prey will use their talons and
inflict severe physical trauma on a handler or assistant, and the
risk of infection from such wounds is quite real. Although most
birds of prey do not bite, some, such as great horned owls, will
use their talons and beak to great effect. Psittacines have very
strong beaks that can cause severe soft tissue injury. Cranes and
herons will use their long, pointed beaks in a spearing manner,
and they seem to focus on handlers’ eyes. Understanding the
physical characteristics and defensive means of birds is crucial to
provide restraint that is safe both for the bird and for the people
working with the bird.

Injectable Anesthetics
Injectable anesthetics are used frequently to anesthetize birds.
Among the many advantages associated with their use are their
low cost, ease of use, and the rapidity with which anesthesia can
be induced. In addition, expensive equipment is not required for
delivery or maintenance of anesthesia, and pollution of the work
environment is not an issue. However, inherent disadvantages as-
sociated with the use of injectables include great species and in-
dividual variation among birds in terms of dose and response,
difficulty in delivering a safe volume to small birds, ease in over-
dosing by any route, difficulty in maintaining surgical anesthesia
without severe cardiopulmonary depression, and the potential for
prolonged and violent recoveries.90

Pharmacological Considerations
Pharmacological principles that apply to mammals also apply to
birds. Pharmacokinetics describe the absorption, distribution,
biotransformation, and excretion of a drug. Pharmacokinetics are
also used to estimate dose and assess the suitability of a route of
administration. The fate of a drug in the body, including protein

binding, volume of distribution, biotransformation, and excre-
tion, differs from species to species because the relationship be-
tween biotransformation and excretion is determined by meta-
bolic factors and genetics.93 A frequent assumption is that all
birds are similar and pharmacologically belong to one group.
This assumption can lead either to limited efficacy or to intoxi-
cation even among closely related species.93 Veterinarians do
have alternative methods available to determine safe, yet effec-
tive, doses for drugs used in birds. Allometric scaling and the
concepts of physiological time are recognized and accepted alter-
natives for determining drug doses in lieu of pharmacokinetic
data.93–96 More important, the general principles underlying al-
lometric scaling serve as a rational basis for understanding how
drug doses are affected by body mass or metabolic rate. A sim-
ple, but specific, example puts these principles and concepts into
a clinically relevant perspective. Dosing guidelines for the use of
ketamine in birds reflect the allometric concept that drug doses
are inversely related to body mass. For example, a recommended
dose for ketamine in a small psittacine weighing under 100 g is
0.07 to 0.10 mg/g intramuscularly (IM), whereas a bird weighing
over 500 g would receive 0.03 to 0.06 mg/g IM.97

There is very little information about the pharmacodynamics
of drugs commonly used in birds. It is known that there can be
significant differences in response among avian species given the
same drug.85,98 For example, the commercially available form of
ketamine consists of a racemic mixture of the levoisomers and
dextroisomers of ketamine. In great horned and snowy owls this
racemic mixture characteristically induces chemical restraint and
anesthesia of poor quality.98 When great horned owls receive
only the d form of ketamine, anesthesia induction is smoother
and there are fewer cardiac arrhythmias, whereas the l form of
ketamine is associated with inadequate muscle relaxation, with
cardiac arrhythmias, and with excited behavior during recov-
ery.98 Whether these differences are due to differing pathways for
drug metabolism among birds, production of pharmacologically
active metabolites, or differences in types of receptors or recep-
tor sensitivity is not known.

Injection Sites
Commonly used subcutaneous injection sites include the area
over the back between the wings, the wingweb, and the skinfold
in the inguinal region. The pectoral and thigh muscles can be
used for intramuscular injections. The ulnaris vein, dorsal
metatarsal vein, and jugular vein can be used for intravenous in-
jections, as well as for catheterization. In general the right jugu-
lar vein is larger and easier to visualize than the left jugular vein
and is an easy vessel to draw blood from or to catheterize.

Drugs
Ketamine, diazepam, and xylazine have been used to induce
anesthesia of relatively short duration. Ketamine produces a state
of catalepsy and can be given by any parenteral route. Doses
range from 10 to 200 mg/kg, depending on species and route of
administration. Drugs such as diazepam or xylazine have been
combined with ketamine in order to prolong or improve the qual-
ity of anesthesia, to provide muscle relaxation, or to provide ad-
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ditional analgesia. When used alone, ketamine is suitable for
chemical restraint for minor surgical and diagnostic procedures,
but is not a suitable general anesthetic for major surgical manip-
ulations.99,100 Higher doses of ketamine only serve to prolong its
action while decreasing its margin of safety.99

Diazepam is an anxiolytic and anticonvulsant with excellent
muscle-relaxant properties. As with all anxiolytics, it lacks anal-
gesic properties and should not be viewed as providing additional
analgesia when combined with primary anesthetics such as keta-
mine. Diazepam can be used to tranquilize a bird prior to mask
induction with an inhalant anesthetic, thus reducing the stress
and struggling associated with anesthetic induction. An impor-
tant feature of diazepam is that its action is brief and recovery is
not prolonged.

Midazolam is a more potent, longer-acting benzodiazepine
that has been used in birds. In Canada geese, midazolam (2
mg/kg IM) induced adequate sedation for purposes of radiogra-
phy, and the effective sedation lasted up to 20 min after injec-
tion.101 Mean arterial blood pressure remained stable, and arte-
rial blood gases, which were measured in a select number of
birds, were unchanged from baseline values.101 In a study of
quail (Colinus virginianus), midazolam at a dose of 6 mg/kg in-
jected IM produced heavy sedation in nine of ten birds and mild
sedation in one. Time to peak onset of sedation was 10 min after
administration and, as judged by heart and respiratory rates, car-
diopulmonary function was unaltered.102 Midazolam appears to
be a safe drug that can be used to facilitate induction of anesthe-
sia or to provide a variable period of sedation for minor non-
painful procedures such as radiography. In raptors and pigeons
the effects of midazolam last for several hours after the termina-
tion of anesthesia. Although complications associated with pro-
longed recovery have not been reported, it can be considered an
undesirable feature of any drug.

Xylazine, an �2-adrenergic agonist with sedative and analgesic
properties, has been used for minor surgical and diagnostic pro-
cedures. It has profound cardiopulmonary effects, including
second-degree heart block, bradyarrhythmias, and increased sen-
sitivity to catecholamine-induced cardiac arrhythmias. To en-
hance its sedative and analgesic properties, xylazine is frequently
combined with other anesthetic drugs, such as ketamine. When
used alone in high doses, xylazine is associated with respiratory
depression, excitement, and convulsions in some species.103

Hypoxemia and hypercapnia were observed in Pekin ducks given
xylazine and a combination of xylazine and ketamine.104

To hasten recovery or to treat an overdose following the use of
an �2-adrenergic agonist such as xylazine, an �2-adrenergic an-
tagonist such as tolazoline, yohimbine, or atipamezole can be
used. Turkey vultures anesthetized with a combination of xy-
lazine and ketamine regained consciousness approximately 4 min
after tolazoline (15 mg/kg) was given intravenously (IV).105 Red-
tailed hawks anesthetized with a combination of xylazine and ke-
tamine recovered from anesthesia significantly faster after re-
ceiving yohimbine than did birds not receiving the antagonist.106

In addition, a yohimbine dose of 0.1 mg/kg was effective and
found not to cause profound cardiopulmonary changes.106 In pi-
geons the effects of anesthesia with a combination of medetomi-

dine, butorphanol, and ketamine were incompletely reversed
with atipamezole injected IM 1 h after the ketamine was injected;
arousal occurred within 10 min of injection.107

Propofol has been used in a variety of birds, including chick-
ens, pigeons, barred owls and rheas, red-tailed hawks and great
horned owls, canvasback and mallard ducks, barn owls,
Hispaniolan parrots, common buzzard and tawny owls, specta-
cled and king eiders, and wild turkeys.108–118 Its effects are char-
acterized by a rapid onset of action, but the speed of recovery can
be variable and is species dependent. As is characteristic of the
drug, it can produce hypoventilation or apnea and hypoxemia. In
chickens and pigeons, propofol produced respiratory depression
and apnea, and the lethal dose appears to be close to the induc-
tion dose in these species.108,109 In red-tailed hawks and great
horned owls, propofol not only decreased effective ventilation,
but recovery was reported to be prolonged, with some birds ex-
hibiting moderate to severe excitatory central nervous system
signs.111 In Hispaniolan parrots anesthetized with propofol, re-
covery times were prolonged when compared with isoflurane
anesthesia.116 In wild turkeys induced (5 mg/kg) and maintained
(0.05 mg/kg/min) with propofol, apnea was observed for 10 to 30
s after induction, and the respiratory rate was significantly de-
creased at 4 min after its administration and throughout the pe-
riod of infusion; two male turkeys developed severe transient hy-
poxemia, one at 5 and the other at 15 min after induction.118 The
average time to standing after discontinuation of propofol infu-
sion was 11 min.118

Surgical anesthesia can be maintained for relatively long peri-
ods (1 to 12 h) by using intermediate to long-acting barbiturates
or combinations of drugs with intermediate durations of effect.
Pentobarbital can be used to produce anesthesia of several hours’
duration with a dose of 25 to 30 mg/kg IV.119 Since it requires 10
to 15 min for full onset of action, the drug should be adminis-
tered initially as a bolus consisting of half the total dose and the
remainder titrated over several minutes until the desired plane of
anesthesia is achieved.

Phenobarbital is a long-acting barbiturate and produces anes-
thesia lasting for as long as 1 day when administered at 130
mg/kg.119 Its onset of action is very slow, requiring as much as
30 min before surgical anesthesia is achieved. As is true for pen-
tobarbital, additional doses of phenobarbital can be administered
as needed to deepen the plane of anesthesia, but there is a narrow
margin between anesthesia and severe cardiac depression and
death.

Equithesin is a combination of pentobarbital, chloral hydrate,
and magnesium sulfate. It does not produce a surgical plane of
anesthesia when used alone, but does produce surgical anesthesia
lasting for as long as 90 min when combined with diazepam.58

Local Anesthetics
These have been used in birds with unfortunate consequences,
including seizures and cardiac arrest.119 The problem is related to
the small size of some avian species and inappropriate doses.90

For example, 0.1 mL of 2% lidocaine administered IM or subcu-
taneously (SC) to a 30-g parakeet is equivalent to 67 mg/kg,
which is a gross and toxic overdose for any animal. Lidocaine
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can be used in birds for local anesthesia, but the dose must not
exceed 4 mg/kg, which is a dose that is difficult to achieve in very
small birds unless the drug is diluted. Although local anesthetics
provide sufficient local analgesia, they do nothing for stress in-
duced by physical restraint and handling of an awake bird.

Opioids
In birds the lack of an anthropocentric type of response to pain
does not necessarily mean that they do not perceive pain or that
pain does not cause them distress. It may be that the behavior or
physiological variables associated with pain in birds have not
been adequately characterized, and there are a number of reasons
for this. The problem of recognizing pain in birds has been con-
fused by research looking at the effects of opioids in birds. In
contrast to studies of the analgesic effects of opioids in mam-
mals, the objective of opioid studies in birds has been to evaluate
the effect on learned behavior, not analgesia per se.109,120–123 The
results of the few studies that have evaluated the analgesic effects
of opioids in birds are conflicting. In one study, morphine pro-
duced hyperalgesia, whereas, in another, it produced analge-
sia.124,125 The results of one study in chickens indicated that
motor deficits associated with the administration of morphine
may mask the analgesic effects of the drug.126 More recent stud-
ies of µ opioid receptor agonists suggest that their analgesic ef-
fects can be variable. For example, fentanyl (0.01 and 0.02 mg/kg
IM) was rapidly absorbed when given to white cockatoos
(Cacatua alba) weighing 572 ± 125 g, and its elimination half-
life was 1.2 to 1.4 h.127 In the same study, fentanyl was given at
0.02 mg/kg IM or 0.2 mg/kg SC and, in terms of response to
pain, there was no difference in response times between saline in-
jection and fentanyl at 0.02 mg/kg, even though for 2 h plasma
levels were at concentrations considered to be analgesic in hu-
mans.127 The dose at 0.2 mg/kg provided significant analgesia in
some birds, but this dose required a large volume (approximately
2.3 mL per 572-g bird) and caused excitement in some birds.127

In African gray parrots, buprenorphine (0.1 mg/kg IM), a par-
tial µ opioid receptor agonist, had no analgesic effects when com-
pared with saline.128 These studies suggest that, for analgesia in
birds, µ opioids have little clinical efficacy. �-Receptor agonist
opioids, such as butorphanol, appear to be effective analgesics in
birds possibly because � opioid receptors account for 76% of the
radiolabeling of pigeon forebrain tissues.129 Butorphanol has
been shown to produce analgesia in cockatoos and African gray
parrots.128,130,131

Inhalant Anesthetics
Inhalant anesthetics, especially isoflurane and sevoflurane, are
considered the anesthetics of choice for use in birds, and they
offer several advantages for patient management not provided by
injectable drugs. Advantages include rapid induction and recov-
ery (especially when inhalant anesthetics with low blood-gas sol-
ubility are used, such as isoflurane and sevoflurane); easier con-
trol of anesthetic depth; the concurrent use of oxygen with
inhalants, which provides respiratory support; and fast recovery
that does not depend on metabolic pathways. A disadvantage is
that the delivery of the potent inhalants requires special equip-

ment, such as a source of oxygen, a vaporizer, a breathing circuit,
and a mechanism for scavenging waste anesthetic gases, al-
though these are widely available in veterinary practices.

Breathing Circuits and Fresh Gas Flows
Non-rebreathing circuits, such as the Bain circuit or Norman
elbow, are ideal for use in birds because they offer minimal re-
sistance to spontaneous patient ventilation. An additional advan-
tage to the plastic Bain circuit when used in very small birds is
that it is light. When a non-rebreathing circuit is used, oxygen
flows should be two to three times minute ventilation, or 150 to
200 mL · kg�1 · min�1.

Induction Techniques
The variety of techniques for inducing gas anesthesia in birds are
limited only by an anesthetist’s imagination. Birds can be induced
with commercially available small animal masks or with home-
made masks fabricated from plastic bottles, syringe cases, sy-
ringes, or breathing-hose connectors. Mask induction techniques
can be used in a wide variety of birds of various sizes, from the
very small up to, and including, the emu. Mask induction is unsat-
isfactory in adult ostriches, even if they are debilitated.

Other techniques include the use of plastic bags or chambers.
Birds can be induced by inserting their heads into plastic bags
(preferably clear plastic) into which oxygen and anesthetic vapor
are introduced via a non-rebreathing circuit. Plastic bags have
been used to enclose a bird cage completely in order to induce
anesthesia in a bird that is difficult to manage.132

An anesthetic chamber can be used to induce anesthesia. A
disadvantage to this technique is that the anesthetist is not in
physical contact with the bird and cannot get a feel for how the
bird is responding to the anesthetic. In addition, birds can injure
themselves as they pass through stage II (involuntary excitement)
anesthesia.

Whatever inhalant induction technique is used, anesthetists
must take precautions to control and eliminate anesthetic-gas
pollution in the work environment. If a mask is used, it should fit
snugly over the bird’s beak and face or over its entire head. If a
plastic bag or chamber is used, it should be free of leaks. Once
induction is completed, the bag or chamber must be removed
from the area without “dumping” the contents into the workplace
environment.

Intubation
Any bird larger than 100 g (e.g., a cockatiel) can be intubated.133

However, unique anatomical features that can interfere with intu-
bation, such as the median tracheal septum found in some pen-
guins or the large bills of toucans and flamingos, must be kept in
mind while planning an intubation strategy. The glottis is easy to
visualize in most birds and, depending on the size of the bird, the
larynx and trachea are easily intubated. Some birds are difficult
to intubate either because of their unique oropharyngeal anatomy
or because of their size. Psittacine species, especially the smaller
birds such as parakeets, can be difficult to intubate because of the
awkward location of the glottis at the base of the humped, fleshy
tongue.134

856 ● Anesthesia, Analgesia, and Immobilization of Selected Species and Classes of Animals



Intubation in small birds is not without risk. Tubes with very
small internal diameters can impose significant resistance to ven-
tilation, a feature that becomes an even greater hazard when an
endotracheal tube develops a partial or complete obstruction
caused by a mucus plug. During anesthesia, especially when an
anticholinergic is not used, mucus production can be copious,
and because of the drying effects of the inspired cold and dry
gases, the mucus becomes thick and tenacious. Obstruction of an
endotracheal tube can be detected by observing the bird’s pattern
of ventilation. As the airway becomes occluded, the duration of
the expiratory phase is prolonged. An artificial sigh usually con-
firms the presence of an obstruction because the air sacs fill in a
seemingly normal manner, but they empty slowly or not at all.
This problem can be corrected quickly by extubating the bird and
cleaning the tube or replacing it altogether. Airway noises may be
heard as the tube becomes more obstructed with mucus. An anti-
cholinergic, such as atropine (0.04 mg/kg) or glycopyrrolate
(0.01 mg/kg), reduces mucus production and minimizes the for-
mation of mucus plugs.

During intubation, care must be exercised not to traumatize the
trachea. The tube should not fit tightly, and if the endotracheal
tube has a cuff, it either should not be inflated or must be inflated
with extreme care. Since the trachea is composed of complete
rings of cartilage an overly inflated cuff can traumatize and even
rupture the tracheal mucosa and rings. Damage to the trachea
may not become evident until 5 to 7 days after intubation, when
the processes of healing and fibrotic narrowing of the trachea
cause signs of dyspnea. When an endotracheal tube cuff is over-
inflated, the tracheal rings may rupture longitudinally rather than
circumferentially.

Minimum Anesthetic Concentration
The minimum alveolar concentration that produces anesthesia in
mammals exposed to noxious stimuli is referred to as MAC. It is
a measure that provides a description of concentration and effect,
it can be used to quantify factors that influence anesthetic re-
quirements, and it is a term equally applicable to all inhalation
anesthetics.135 As defined, MAC is not appropriate for discus-
sions concerning inhalation anesthesia in birds because it presup-
poses the presence of an alveolar lung. In birds, MAC has been
defined as the minimal anesthetic concentration required to pre-
vent gross purposeful movement in a bird subjected to a painful
stimulus.61

Although the avian pulmonary system anatomically and phys-
iologically differs from the mammalian pulmonary system,
MAC values (Table 34.4) for halothane, isoflurane, and sevoflu-
rane in birds are similar to MAC values reported for mam-
mals.61,136–140,141,142 This lends support to the observation that
different species or classes of animals do not show large varia-
tions in effective concentrations for inhalant anesthetics.143

Halothane, Isoflurane, and Sevoflurane
A number of inhalant anesthetics, including chloroform, cyclo-
propane, ether, methoxyflurane, and halothane, have been used to
induce general anesthesia in birds.144–147 Although these drugs
are historically interesting, this review focuses on halothane,

isoflurane, and sevoflurane, the most commonly used inhalant
anesthetics at this time. Of these three inhalants, isoflurane is
preferred for anesthesia in birds. Its introduction has revolution-
ized avian medicine and surgery because it is well tolerated by
birds of all sizes.97

Halothane, isoflurane, and sevoflurane, at all end-tidal anes-
thetic concentrations and in a dose-dependent manner, depress
ventilation.61,136–140,148 More specifically, as the concentration
of anesthetic increases, the partial pressure of carbon dioxide in-
creases significantly. Anesthetic index (AI), a measure of the ten-
dency for an inhalant anesthetic to cause respiratory depression
and apnea, is derived by dividing the end-tidal concentration of
an anesthetic at apnea by the MAC for the anesthetic.149 The
lower the AI is for an anesthetic, the greater is its depressant ef-
fect on ventilation. In ducks anesthetized with halothane the AI
was found to be 1.51 or lower, whereas the AI for ducks anes-
thetized with isoflurane was 1.65.136,137 These AI values are con-
siderably lower than those reported for dogs, cats, or horses, and
suggest that halothane and isoflurane depress ventilation more in
birds than in mammals.150–152

The effect of halothane on blood pressure can be variable. In
chickens and ducks, increasing concentrations of halothane can
cause a decrease in mean arterial blood pressure, or no
change.136,138,153 In contrast, isoflurane appears to consistently
cause a dose-dependent decrease in mean arterial blood pressure,
possibly because of isoflurane-associated peripheral vasodila-
tion.61,137,153,154 Sevoflurane has been reported to decrease blood
pressure in chickens, but only during controlled ventilation did
the blood pressure decrease in a dose-dependent fashion,
whereas this did not occur during spontaneous ventilation, prob-
ably because of the attendant hypercapnia.139,140

In mammals, positive-pressure ventilation depresses mean ar-
terial blood pressure by creating positive intrathoracic pressures
that compress the great vessels, thus impeding the venous return
of blood to the heart. In sandhill cranes anesthetized with isoflu-
rane, mean arterial blood pressure was actually higher during
positive-pressure ventilation than it was during spontaneous ven-
tilation.61 Such is not the case in chickens anesthetized with
sevoflurane.140

Cardiac arrhythmias frequently occur in animals, including
birds, anesthetized with halothane. Cardiac stability is one of the
perceived advantages of isoflurane and sevoflurane and is one of
the reasons why they have so readily gained wide acceptance in
clinical avian practice. However, in a study in which an electric
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Table 34.4. Minimal anesthetic concentration (MAC) for halothane,
isoflurane, and sevoflurane in birdsa.

Bird Halothane Isoflurane Sevoflurane

Cockatoo — 1.44%130 —
Chicken 0.85%138 1.25%140 2.21%139

Duck 1.05%136 1.32%137 —
Sandhill crane — 1.35%61 —

Superscripts are reference numbers.



fibrillation model was used to investigate the myocardial irritant
effects of isoflurane and halothane, isoflurane was found to lower
the threshold for electric fibrillation more than halothane.154 The
reasons for the discrepancy between clinical experience and the
result of this study are not clear, but hypoventilation, which is
common during general inhalant anesthesia, may be a contribut-
ing factor. Not only does hypoventilation make it difficult to con-
trol the plane of anesthesia, it can have a variety of adverse ef-
fects on cardiopulmonary function through direct or indirect
mechanisms. For example, in ducks held at a constant end-tidal
halothane concentration of 1.5% and in which PaCO2 was varied
from 40 to 80 mm Hg, unifocal and multifocal cardiac arrhyth-
mias occurred in six of the 12 ducks.155 The mean PaCO2 at
which arrhythmias developed was 67 ± 12 mm Hg and in five of
six ducks with arrhythmias, the arrhythmias disappeared after
carbon dioxide inhalation was terminated.155 For these reasons,
ventilation in birds should be assisted or controlled during gen-
eral inhalant anesthesia.

Nitrous oxide can be used as an adjunct to general anesthesia
in birds, but is not suitable for use as the sole anesthetic.144 One
study suggests that nitrous oxide (50%) may decrease the con-
centration of isoflurane necessary to maintain a suitable plane of
anesthesia by only 11%.156 As with other anesthetic gases and
vapors, nitrous oxide is not uniquely sequestered or concentrated
in the air sacs. The considerations for using nitrous oxide are the
same as for its use in mammals, such as adequate pulmonary
function and delivery of sufficient oxygen to meet a patient’s
metabolic demands. The minimum fraction of inspired oxygen
that should be provided is generally accepted to be 30%. The use
of nitrous oxide may pose problems in some avian species. For
example, diving birds such as pelicans have subcutaneous pock-
ets of air that do not communicate with the respiratory system,
and the use of nitrous oxide in these birds can cause subcuta-
neous emphysema.157

Adjuncts to General Anesthesia
Muscle paralytics may prove to be very useful in the anesthetic
management of birds, especially during long surgical procedures
requiring adequate muscle relaxation and immobility. All too
often a bird only appears to be adequately anesthetized, lying still
on the surgical table, with complete muscular relaxation, slow
respiration, closed eyelids, and relaxed feathers. The bird may
accept a surgical scrub and draping, and a skin incision may be
completed, when suddenly the patient displays unequivocal signs
of being unsuitably anesthetized for surgery by throwing itself
about on the table with flopping wings and neck.134

Atracurium is a nondepolarizing muscle relaxant with short
duration of effect and minimal cardiovascular effects. The neuro-
muscular and cardiovascular effects of atracurium given to 24
anesthetized chickens have been reported.158 The effective dose
associated with 95% twitch depression in 50% of the birds
(ED95/50) was calculated to be 0.25 mg/kg, and the ED95/95 was
calculated to be 0.46 mg/kg. The duration of action for the 0.25-
mg/kg dose was 34.5 ± 5.8 min, whereas it was 47.8 ± 10.3 min
at the highest dose of 0.45 mg/kg. Edrophonium (0.5 mg/kg IV)
reversed the effects of atracurium. There were small but statisti-

cally significant changes in cardiovascular variables in that heart
rate decreased and blood pressure increased after atracurium was
administered, but these changes were considered unimportant
clinically.158

Because birds have skeletal muscles that control pupillary di-
ameter, neuromuscular paralytics have been used to produce my-
driasis. In a study of three paralytics (d-tubocurarine, pancuro-
nium, and vecuronium) and two autonomic drugs (atropine and
phenylephrine) used with or without a surface-acting penetrating
agent (either saponin or benzalkonium chloride) and administered
to adult cockatoos (Cacatua sulphurea), African gray parrots
(Psittacus erithacus), and blue-fronted Amazon parrots (Amazona
aestiva), vecuronium produced the most consistent and greatest
pupillary dilatation in all three species with the fewest systemic
side effects.159 More recently, in juvenile double-crested cor-
morants (Phalacrocorax auritus), vecuronium alone and in com-
bination with atropine and phenylephrine were evaluated as my-
driatics.160 The cormorants were treated with each of four drug
regimens: 1% atropine; vecuronium (total, 0.16 mg/eye); atropine
with vecuronium; and atropine plus 2.5% phenylephrine, fol-
lowed by vecuronium. The regimen of atropine, phenylephrine,
and vecuronium provided the most consistent dilation, with larger
average pupil size and longer average duration; no side effects
from vecuronium were observed in these birds.160

Monitoring
Birds must be monitored during anesthesia. Physiological vari-
ables to monitor include respiratory rate and tidal volume, oxy-
genation, heart rate and rhythm, body temperature, and muscle
relaxation. Both respiratory rate and tidal volume should be mon-
itored during anesthesia in order to assess the adequacy of venti-
lation and the depth of anesthesia. Respiratory frequency by it-
self can be misleading as to the adequacy of ventilation and
anesthetic depth. High respiratory frequencies in an anesthetized
bird do not necessarily indicate that the bird is lightly anes-
thetized and hyperventilating. More often, high respiratory rates
are associated with small tidal volumes and a greater proportion
of dead space ventilation rather than effective ventilation.61

Ventilation can be monitored by watching the frequency and
degree of motion of the sternum or movements of the breathing
circuit reservoir bag. Capnography can also be used to monitor
ventilation in birds, but accurate sampling of airway gas may re-
quire adjustments in sampling flow rate or technique.161 When
monitoring ventilation in birds, respiratory pauses longer than 10
to 15 s should be treated by lightening the plane of anesthesia and
ventilating the bird by either periodically squeezing the reservoir
bag or using a positive-pressure mechanical ventilator. Birds can
be mechanically ventilated, and although the direction of gas
flow through the avian pulmonary system may be reversed, gas
exchange is not affected adversely.61,162 During positive-pressure
ventilation, airway pressure should not exceed 15 to 20 cm H2O
pressure to prevent volotrauma to the air sacs. Ventilation also
can be assessed by noting the color and capillary refill time of
mucous membranes. The color of the cere, beak, or bill, as well
as coloration on the head, can give an indication of the adequacy
of cardiopulmonary function.
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Pulse oximeters can be used to monitor oxygenation, but the
typical pulse oximeter is designed to measure oxygenated and
deoxygenated mammalian hemoglobin, not avian hemoglobin.
Although pulse oximeters may track trends in oxygenation, they
tend to underestimate oxygenation levels at high oxygen satura-
tion levels and overestimate oxygenation levels at lower satura-
tion levels because of the differences between avian and mam-
malian hemoglobin.163

The heart is an electromechanical pump, and the blood vessels
are the conduits for its output. The adequacy of pump function
can be assessed by monitoring mucous membrane color and re-
fill time as noted earlier, as well as monitoring the ECG and
blood pressure, and by palpating peripheral pulses. An ECG is
used to monitor the electric activity of the heart. Standard bipolar
and augmented limb leads can be used to monitor and record the
avian ECG. To assure adequate skin contact for an interference-
free signal, ECG clips can be attached to hypodermic needles in-
serted through the skin at the base of each wing and through the
skin at the level of each stifle. An alternative technique is to at-
tach the ECG clips to stainless-steel wires that have been inserted
through the prepatagium of each wing and the skin at the lateral
side of each stifle. The wire size selected depends on the size of
the bird. In birds larger than 500 g, 20- or 22-gauge wire can be
used. Appropriately sized hypodermic needles are used to insert
the wires through the skin.

Pump function can be assessed by monitoring the pulsations of
blood through a peripheral artery or by monitoring blood pres-
sure. Arterial blood pressure in birds larger than 4 kg can be mon-
itored directly, but this technique is not feasible in smaller birds.
The Doppler flow probe is an effective device for monitoring
blood flow in small birds, and blood flow or blood pressure in ei-
ther moderately sized or large birds. With the Doppler probe se-
cured in position over a peripheral artery, pulse rate and rhythm
can be determined. The probe can be placed over a digital artery,
and a sphygmomanometer attached to a cuff placed around the
leg can be used to measure arterial blood pressure indirectly.

Body temperature should be monitored for a number of rea-
sons. The stress associated with anesthesia and surgery is mini-
mized when birds are maintained at or near their normal body
temperature. During anesthesia, it is not unusual to see major
fluctuations in body temperature, but hypothermia is the most
common problem, and one that decreases the amount of anes-
thetic needed to maintain anesthesia, causes cardiac instability,
and prolongs recovery. In well-insulated birds (feathers, drapes,
and heating pads), hyperthermia can occur and also cause cardiac
instability and an increased oxygen demand. Body temperature
can be reliably monitored with an electronic thermometer and a
long, flexible thermistor probe inserted into the esophagus to the
level of the heart. Temperature monitored from the cloaca can
vary significantly over time, owing to movements of the cloaca
that affect the position of the thermometer or a thermistor probe.
Body temperature can be adjusted by inserting or removing pads
or blankets between the bird and cold surfaces, using circulating
warm-water blankets (not electric heating pads), maintaining a
light plane of surgical anesthesia, raising or lowering the envi-
ronmental temperature, or wetting the bird’s legs with alcohol.

According to a report involving Hispaniolan Amazon parrots the
most effective method for maintaining body temperature was a
forced-air warming device.164 Even though such a device may
not prevent an initial drop in core body temperature, it appears to
maintain body temperature within a clinically acceptable
range.164

Recovery
Precautions should be taken to protect birds while they recover
from anesthesia. Birds must be kept from flopping uncontrol-
lably, because this can lead to serious neck, wing, or leg injuries.
Struggling and flopping behavior can be prevented by lightly
wrapping a bird with a towel, but wrapping poses its own haz-
ards. If a bird is wrapped too tightly, sternal movements will be
impeded and breathing will be difficult, if not impossible.
Wrapping can lead to excessive retention of body heat and cause
hyperthermia. If a bird has not been fasted prior to anesthesia, re-
gurgitation can occur during recovery. Keeping a bird intubated
during the recovery phase helps to maintain an open airway.

Ratites
Ratites have been raised for commercial purposes for almost 100
years, and there is an extensive base of knowledge concerning the
commercial management of these birds. Little information is
available about anesthesia because in their native countries where
the value of individual birds is low, they are not usually presented
for extensive veterinary care. In general, young ratites (ostriches
weighing under 30 kg and emus weighing under 18 kg) may be
treated with the same considerations as given to other birds be-
cause the same problems of hypoglycemia, hypothermia, hy-
potension, and hypoventilation tend to occur. Hypoglycemia and
hypothermia do not appear to be common in adult birds, but re-
straint and handling are more difficult.

Restraint
Restraint of adult ratites is challenging, so it is important to work
with personnel, such as the owner, who are experienced in han-
dling adult birds. Adult ostriches may average 114 kg and stand
6 feet tall. They can move very quickly, peck accurately at ob-
jects, and have large-toed feet with which they can strike for-
ward. Most farm-raised birds have been handled, and informa-
tion about the bird’s individual temperament can be obtained
from the owner or handler. As with other birds, they can be
hooded to facilitate handling. Hoods can be made from surgical
stockinette, and the head can be manually restrained (Fig. 34.9).
Distracting the bird by allowing it to peck at a shiny object,
which is held firmly to prevent ingestion, may be sufficient for
completing minor procedures. The ostrich can be herded into a
corner or chute by using a solid object such as a sheet of plywood
or a large pad, or by holding one wing at the base of the humerus
and pushing the bird in front of the handler. It is important always
to work from behind or beside the bird to remain out of forward
striking range of the feet. If the bird is recumbent, as can occur
after sedation, it is best to transport the bird in sternal recum-
bency with it sitting on its hocks. This position enables control of
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the feet. In smaller birds, the handler may be able to restrain the
bird safely by stepping over its back, grasping the hocks from be-
hind, and folding the legs up to the body.

Injections and Catheter Placement
Intramuscular injections are best given into the large muscle mass
of the thigh. Although ratites are reported to have a renal portal
system, drugs are effective when given in this location.165

Intravenous injections can be given into the jugular vein. As is
generally true for all birds, the right jugular is more prominent
than the left jugular. Routinely placing a catheter (14 gauge, 10
cm) in the jugular vein is recommended in order to prevent
hematoma formation from repeated needle sticks. In ostriches, the
branchial vein may also be used for injections and catheterization
(18 gauge, 3.0 to 4.5 cm).166 In emus, because of their vestigial
wings, the brachial vein is very difficult to use, but the metatarsal
vein can be used. The thick, cornified skin on the lower limbs of
the ostrich makes it difficult to use the metatarsal vein.

Preoperative Assessment
Performing a good physical examination and preoperative as-
sessment in an adult ostrich can be challenging and is often im-
possible. It is an unfortunate fact that a bird’s state of health can-
not be judged reliably by its behavior. Ill adult ostriches may
appear to be quite normal and active. Some blood work is
needed, preferably a complete blood count and chemistry profile.
Acid-base imbalances and dehydration should be corrected be-
fore any bird is anesthetized. Normal hematologic and chemistry
values have been reported.167–170 It is important to get an accu-
rate weight. Visual estimation of body weight is difficult because
the feathers may conceal a very thin bird. Other preparations for
anesthesia will depend on a bird’s temperament and the facilities
and personnel available. Adult ostriches and emus are routinely
fasted overnight, but water is not withheld.

Preanesthetics
Although a wide variety of tranquilizers and sedatives have been
used as preanesthetics in ratites (Tables 34.5 and 34.6), a caveat
is necessary before discussing the effects of preanesthetics in

ratites.170–176 Almost all of the information relating drug and ef-
fect has been generated from clinical cases. Much of the variabil-
ity in response to anesthetics is owing to variations in drug re-
quirements imposed by disease conditions, as well as a lack of
controlled studies. In point of fact, only one study reports dose
effects for anesthetics in ratites.176 In addition the practical prob-
lems of restraint impose restrictions on the acquisition of clinical
data. For these reasons the following should be taken as guide-
lines derived from clinical experience and studies.

For healthy, large ratites, premedication with xylazine (1 to 2
mg/kg IM) appears to facilitate handling, placement of catheters,
and induction of anesthesia. This dose of xylazine would produce
excessive cardiovascular depression in a sick bird, which empha-
sizes the importance of an accurate preoperative assessment.
Diazepam (0.4 to 1.0 mg/kg IM) is especially effective in sick or
debilitated ratites, or may be combined with xylazine in healthy
ratites. Midazolam (0.4 mg/kg IM) also appears to be an effective
preanesthetic.

Induction of Anesthesia
Ketamine appears to induce the most reliable and smoothest in-
ductions in ratites, especially when combined with diazepam or
following xylazine or midazolam premedication (Tables 34.5 and
34.6).177 Intravenous injection rapidly induces anesthesia and en-
ables anesthetists to titrate the drug dose to achieve a desired ef-
fect. However, this may not be possible in fractious birds or
where there is little assistance for restraint. Doses for intramus-
cular injection may be metabolically scaled by using an interme-
diate value between passerine and nonpasserine birds.178

Induction with tiletamine-zolazepam, either IM or IV, produces
satisfactory results, but recoveries are rough and prolonged.179

Carfentanil has been used for induction, but induction and recov-
ery are reported to be rough.173 In smaller ratites and debilitated
birds, mask induction with isoflurane is effective and fairly
smooth. In contrast, mask induction in adult ostriches, even if
they are debilitated, is not recommended because induction can
take as long as 30 to 45 min.

Intubation
Intubation of ratites is similar to that for many other avian
species. The larynx is readily accessible, the beak opens widely,
and there is no epiglottis. Although the tracheal rings are com-
plete, portions of the trachea are collapsible, so some caution
must be used when advancing the endotracheal tube. In an os-
trich with a collapsed trachea, intubation was successfully per-
formed following induction with diazepam (0.3 mg/kg IV) and
ketamine (7 mg/kg IV).180 Depending on their size, ostriches can
be intubated with endotracheal tubes with internal diameters of
10 to 18 mm, whereas emus generally require endotracheal tubes
measuring 9 to 14 mm. Careful inflation of the cuff is usually
necessary to enable good ventilation of adult ratites. The tracheal
cleft in emus (Fig. 34.1), which is more highly developed in fe-
males but present in both sexes, does not complicate intubation.
The cleft does make effective positive-pressure ventilation diffi-
cult, but this problem can be overcome by placing a tight wrap
(e.g., Vetrap) around the distal third of the neck.
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Fig. 34.9. Manual restraint, including hooding, of an ostrich.
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Maintenance and Monitoring
Maintenance of anesthesia with isoflurane in oxygen and deliv-
ered from a precision vaporizer is recommended. The breathing
circuit should be appropriate for the size of the ratite. Emus and
ostriches under 130 kg can be maintained on a small animal
breathing circuit. Larger ostriches can be maintained on a large
animal breathing circuit. Ventilation of the larger ratites is recom-
mended for two reasons. First, ventilation, as judged by respira-
tory rate and analysis of arterial blood for carbon dioxide, ap-
pears to be markedly depressed by anesthetic induction drugs.
Second, ventilation appears to facilitate the uptake of inhalant
anesthetics. Despite high vaporizer settings (3% to 5%), it may
take 30 to 60 min to stabilize the plane of anesthesia. The reasons
for this are not completely clear. A large respiratory volume (ap-
proximately 15 L in a 70- to 100-kg bird) certainly contributes,
but ostriches may have a functional shunting system, which af-
fects uptake of anesthetic gas.181 Unlike flighted birds, in which
increased ventilation tends to be linked to the increased muscu-
lar activity of flight, ostriches pant to cool themselves.
Apparently this mechanism enables ostriches to cool themselves
without effectively hyperventilating.181

Because of their larger size, ratites are generally easier to mon-
itor than other avian species. An ECG should be used, with the
leads positioned by attaching one electrode to the neck, one to a
wing fold, and the third electrode near the keel or on the opposite
wing. Standardizing the placement of leads can be difficult be-
cause of the large size, tight skin, and surgical incision sites.

Blood pressure can be measured directly or indirectly. Indirect
measurement with an oscillometric technique or a Doppler flow
probe can be accomplished in emus and ostriches. The cuff is
placed on the leg above the tarsus over the tibial artery. In os-
triches, direct arterial blood pressure can be monitored with a
catheter placed in the brachialis or ulnaris artery of the wing or
in the metatarsal artery of a pelvic limb (Fig. 34.10). In emus,
since the wing is vestigial, the brachial artery is very small and
difficult to catheterize, so the pedal artery must be used. The
transducer is zeroed at the level of the keel. Normal blood pres-
sure values for awake or anesthetized ratites have not been re-
ported. Ostriches have been observed to have high blood pres-
sures (Tables 34.5 and 34.6) that increase over time during
anesthesia and are not the result of hypoxia, hypercarbia, or a
light plane of anesthesia. In fact, if the pressures are not higher
than those expected in anesthetized normal small animals, hypo-
volemia or anesthetic depression of cardiovascular function
should be suspected. In emus, blood pressures appear to be some-
what lower than in ostriches. Tourniquet-induced hypertension
has been reported in an ostrich undergoing surgery for removal
of a sequestrum on the tarsometatarsal bone. Immediately after
tourniquet release, blood pressure decreased from approximately
240 to 175 mm Hg.182

Oxygen saturation of hemoglobin can be monitored with a
pulse-oximeter probe placed on the upper or lower beak.
Oxygen-hemoglobin dissociation differs among species. The
oxygen-hemoglobin dissociation curve for birds is qualitatively
similar to that for mammals, but there are quantitative differ-
ences.12 For this reason, the accuracy of pulse oximetry in birds

is unknown. Clinical experience indicates that saturation of pe-
ripheral oxygen (SpO2) and PaO2 are generally high.

Rate and depth of ventilation can be monitored as a measure
of anesthetic depth, in the same manner as for other avian
species. During controlled ventilation, tidal volumes of 10 to 13
mL/kg, respiratory rates of 8 to 16 breaths/min, and inspiratory
pressures of 10 to 15 cm of water have been used for controlled
positive-pressure ventilation. These settings effectively ventilate
or slightly hyperventilate ostriches, as judged by analysis of
PaO2 and carbon PaCO2 (Tables 34.7 and 34.8). Similar settings

Birds ● 863

Fig. 34.10. Catheter in the digital artery of an ostrich for measuring
arterial blood pressure and collecting arterial blood samples for
analysis of pH, arterial carbon dioxide partial pressure (PaCO2), and
arterial oxygen partial pressure (PaO2).

Table 34.7. Arterial blood-gas values from nine ostriches
anesthetized with isoflurane and mechanically ventilateda.

pH CO2 O2 HCO3 BE TV Beats/min

7.53 24.1 471 20 0.6 13 mL/kg 11
(0.06) (3.9) (97) (2.4) (2.4) (1) (3)

aValues were corrected for body temperature by using a Ciba Corning
blood-gas analysis machine. Arterial blood samples were taken approxi-
mately 30 min after the induction of anesthesia. Values shown are mean,
with standard deviation in parentheses. BE, base excess; TV, tidal volume.

Table 34.8. Arterial blood-gas values from ten emus anesthetized
with isoflurane and breathing spontaneouslya.

pH CO2 O2 HCO3 BE

7.20 56.7 355 20.1 –7.0
(0.08) (2.9) (24) (0) (4)

aValues were corrected for body temperature by using a Ciba Corning
blood-gas analysis machine. Arterial blood samples were taken approxi-
mately 30 min after the induction of anesthesia. Values shown are mean,
with standard deviation in parentheses. BE, base excess.



are used for emus, but because of the greater difficulty in collect-
ing arterial blood-gas samples, correlation with mechanical ven-
tilation has not been reported.

Muscle relaxants appear to be effective in ratites. Both
atracurium (0.3 mg/kg IV) and vecuronium (0.08 mg/kg IV) have
been used during general anesthesia. Duration of effect appears
to be similar to that in mammalian species. A peripheral nerve
stimulator, with its electrodes placed on the proximal and distal
ends of the wing, can be used to assess the block.

Recovery
Recoveries from inhalant anesthesia are generally prolonged,
even when every attempt has been made to maintain a light anes-
thetic plane or decrease the anesthetic plane in the later stages of
surgery. Weaning from the ventilator is also slow, and ventilation
is often maintained with an Ambu-bag (bag valve mask), or sim-
ilar device, after disconnection and while moving to the recovery
area. Ratites usually undergo recovery in a darkened, padded
area, or a well-bedded stall. In the ideal setting a ratite recovery
box would be small and narrow, yet tall enough to allow the bird
to stand, and would be padded to protect its head. Manual re-
straint as a means of controlling recovery of adult ratites is dan-
gerous and is not recommended.

Complications
Many of the complications, such as bradycardia associated with
visceral manipulation, do not require treatment or are manage-
able. It is not clear whether the high incidence of complications
is typical of ratites or is due to health-related factors, since many
of the birds are debilitated. Cardiac problems are particularly
common and include bradycardia (heart rate under 30 beats/min),
atrial and ventricular premature beats, cardiac fibrillation, and
cardiac arrest.183 Bradycardia usually responds to glycopyrrolate
(0.01 mg/kg) or reversal with yohimbine when xylazine has been
used. This high incidence of complications points out the need
for good preoperative assessment, stabilization of the patient
prior to anesthesia, and adequate intra-anesthetic monitoring.

Summary
Anesthetic management of birds is an art and a science. There is
a pressing need for pharmacokinetic and dose-response studies
of drugs commonly used in avian anesthesia. Without this scien-
tific information, anesthesia will continue to be limited by anec-
dotal information and clinical judgment.
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Introduction
Successful herptile (reptile and amphibian) anesthesia requires
an understanding of anatomy and physiology in health and dis-
ease.1,2,3 Most herptiles are physiologically resilient, capable of
surviving severe hypoxemia and hypothermia that would rapidly
kill other vertebrates.1,3 Survival into the immediate postopera-

tive period is an inadequate measure of the safety of an anesthetic
regimen. Physiological disruptions incurred by poor drug selec-
tion and anesthetic technique may not be immediately obvious.

As in all animals, physical restraint alone is inhumane for per-
forming painful procedures even if the animal does not physi-
cally respond. During strenuous exercise, the muscles of reptiles
and amphibians rapidly produce large amounts of lactic acid due
to anaerobic metabolism.4 Lactic acidemia occurs in apparently
immobile, bound reptiles due to isometric muscle contractions
and has been incriminated in mortality of translocated croco-
diles.4 The use of hypothermia for immobilization is controver-
sial. It is questionable whether it induces altered mentation suffi-
cient for painful diagnostic and surgical procedures; furthermore,
hypothermia impairs drug metabolism, digestion, and immune
function.5

Biology, Anatomy, and Physiology
Herptile biology (herpetology) is comprehensively described by
Pough et al. and Zug et al.1,3 The approximately 4600 living am-
phibian species are divided into the Gymnophiona (caecilians,
165 species), Anura (frogs and toads, 4100 plus), and Urodela
(salamanders and newts, 415).1 There are approximately 7150
reptile species.1 Most are squamates (lizards, snakes, and am-
phisbaenians, 6850 species), followed by chelonians (turtles and
tortoises, 260), crocodilians (crocodiles, alligators, caiman, and
gharial, 22), and tuatara (2 species).1

Herptiles maintain their body either at a specific set-point tem-
perature or within the range between an upper and a lower set
point (preferred optimum temperature).1 As ectotherms, they are
reliant on external or environmental heat sources for thermoreg-
ulation. Amphibians generally prefer lower environmental tem-
peratures. Water loss increases in amphibians as temperature in-
creases. Set-point temperatures change seasonally and differ
between the sexes. Body temperatures are higher during food di-
gestion, pregnancy, and bacterial infections.1

Although frogs, toads, and salamanders have one ventricle, it
is functionally divided, and blood tends to remain unmixed.2

Pulmonary arterial branches supply the skin to support its respi-
ratory function. In submerged amphibians, pulmonary gas ex-
change is absent, and systemic blood flow to the skin is increased
for gas exchange. Squamate and chelonian hearts are also
anatomically three-chambered, but are functionally five-
chambered.1 The heart has two inflow routes (the right and left
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atria) and three outflows (the pulmonary artery and the left and
right aortic arches). Both heart chambers are completely divided
in crocodilians and, although the left aortic arch originates from
the right ventricle, a foramen connects both arches.2 This fora-
men enables both aortic arches to carry unmixed oxygenated
blood from the lungs. During the dive response, pulmonary blood
flow decreases, and most of the right ventricular output is ejected
into the left aortic arch and bypasses the lungs.2

Amphibian hearts are found in the cranial third of the coelomic
cavity. Lizard cardiac location ranges from between the forelimbs
(e.g., iguanas, chameleons, skink, and water dragons) to almost the
middle of the body (e.g., monitor lizards and tegu).6 Snake hearts
are usually located 20% to 25% of body length from the head. This
position is influenced by the animal’s predominant lifestyle, the
distance being ranked arboreal < terrestrial < aquatic.7 To deter-
mine cardiac location, the snake is placed in dorsal recumbency,
and the ventral scale movement over the heart is visualized.
Allowing light to reflect off the ventral scales facilitates this. The
shell surrounds the chelonian heart. Crocodile hearts are found on
the midline in the cranial third of the coelomic cavity.

Heart rate is influenced by temperature, body size, metabo-
lism, respiratory state, and the presence or absence of painful
stimuli.8 It varies inversely with temperature except at the ex-
tremes of temperatures studied. In lizards, an increase in body
temperature of 10°C, over the range 20° to 40°C, increases heart
rate by a factor of approximately 2.0 to 2.5.8 Heart rates are often
higher during heating than cooling, inversely related to body
size, and decreased during apnea.8

The lungs are only one of several respiratory structures in am-
phibians.1,3 In most adults and larvae, the highly vascularized,
moist skin is the major respiratory surface. The buccopharyngeal
cavity is also often heavily vascularized and is a minor gaseous
exchange surface. Amphibians use buccal pumping to force air
into the lungs. Gills are the major respiratory structures in larvae
and a few adult salamanders.

The left lung is vestigial in snakes except boas and pythons,
and two regions are present: the vascular lung and an air sac.1

The vascular lung in the anterior part of the body is folded into
chambers, providing a large surface area for gas exchange. The
air sac posterior to the vascular lung regulates airflow and may
extend through most of the coelomic cavity. Although reptile
lung volume is greater than that of a comparably sized mammal,
gaseous exchange surface area is less.1

Reptiles do not have a true diaphragm, but do use a negative-
pressure pumping system to ventilate.1,9 Both inspiration and ex-
piration are active.9 Inhalation occurs by thoracic cavity expan-
sion that lowers lung pressure, causing passive airflow into the
lungs. The ventilatory cycle airflow is biphasic, commencing
with exhalation followed by inhalation.9 There are two main res-
piratory patterns: (a) single breaths interspersed by periods of
breath holding and (b) episodes of consecutive lung ventilations
followed by long apneic periods lasting from a few minutes to
more than an hour. In general, aquatic animals exhibit an
episodic breathing pattern, whereas terrestrial herptiles breathe in
single breaths. Also, aquatic herptiles usually have longer apneic
periods.9 There is normally a pause after the relaxation phase of

ventilation, sometimes for several minutes before initiation of ex-
halation. Ventilatory responses to both hypoxemia and hypercap-
nia are temperature dependent.9 The hypoxic threshold increases
as body temperature rises.

In chelonians, the dorsal surface of the lung is attached to the
carapace, and the ventral surface is joined to a connective-tissue
sheet attached to the viscera.1 Exhalation occurs when the vis-
cera is forced upward against the lungs. Extension and retraction
of the legs increase the coelomic cavity volume. This enables the
viscera to fall ventrally, pulling the lungs down, increasing lung
volume and drawing air inward. Extension and retraction of the
legs can also be used to ventilate an apneic chelonian. The croc-
odilian liver, posterior to the lungs, acts as a plunger for compres-
sion and expansion.1 Abdominal muscles pull the liver forward
during expiration to compress the lungs. Conversely, during in-
halation, the diaphragmaticus muscles attached to the pelvis pull
the liver caudally. Connective tissues attach the liver to the lungs.

Physical Restraint
Amphibians
All amphibians secrete a variably potent toxin from dorsal skin
glands. Most require direct contact with mucous membranes for
absorption. To prevent intoxication, as well as injury to patient
skin, amphibians should be handled with talc-free latex gloves
that have been washed in clean water. The gloves decrease abra-
sion and prevent contact with the oils and other substances pres-
ent on human skin. Some amphibians will bite. When not being
handled, amphibians are confined to clean plastic containers that
contain water from the animal’s enclosure (Fig. 35.1). Plastic
bags are useful to facilitate examination and procedures such as
radiography of agile animals, which may also be restrained with
small, moist, foam pads. Large anurans may be grasped with one
hand placed immediately anterior to the back legs, while the
other hand grips around the front legs (Fig. 35.2). Salamanders
are grasped immediately behind the forelegs and then in front of
the hind legs. Their tails are fragile and may break away.
Caecilians, sirens, and amphiumas are difficult to restrain with-
out using some form of chemical restraint. A snake tube may be
used for examination and induction.

Nonvenomous Snakes
Aggressive snakes should be approached from behind using a
piece of newspaper, a leather glove, or a towel to prevent the an-
imal from biting. Many snakes detect infrared heat and, there-
fore, a warm hand. Handling of food items such as birds and
small mammals prior to handling snakes should be avoided. The
snake’s head is grasped at its base while supporting the rest of the
body. Tame snakes may be gently lifted from below, but it will be
necessary to restrain the head for manipulation for anesthesia.
Large snakes require multiple handlers and are preferably re-
strained in large cloth bags.

Venomous Snakes
Venomous snakes are restrained by experienced handlers, and at
least two people are always present. Induction is performed in a
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room that allows easy personnel movement and no hiding places
in the event of an escape. Snake tongs and hooks are used to
transfer animals from transport containers to either a Plexiglas
tube, squeeze cage, or induction chamber. Fast, agile snakes are
either transferred from container to induction chamber through a
snake tube or anesthetized in their transport containers. Head re-
straint will not necessarily prevent handler envenomation.

Snake tubes made of clear, shatterproof plastic are used for re-
straint during either physical examination or anesthetic induc-
tion. The snake is placed on the floor with no obstructions. The
tube is held with tongs and placed in front of the snake, which is
either gently coerced with a snake hook or allowed to move
freely into the tube. Once it advances sufficiently far into the
tube, the handler grasps its body and the tube and prevents any
retrograde movement. The tube diameter is carefully selected to
allow the snake easy movement, but prevent it from turning
around. The tube may be connected to the anesthetic breathing
system for induction with an inhalant anesthetic. Squeeze cages
are constructed of clear plastic and usually possess a foam pad
into which the snake is compressed. Multiple holes are drilled
through the squeeze wall to enable intramuscular (IM) injection.
Induction chambers are made of clear plastic, have a solid lid that
can be locked, and an inlet and outlet for the inhalant anesthetic
and carrier gas.

Turtles and Tortoises
Although most chelonians are gentle and easy to handle, they
may bite either in response to pain or when they feel threatened.
Large tortoises will damage fingers and hands that interfere with
the rapid leg retraction during a startle response. Aquatic chelo-
nians will bite and scratch and are restrained at either the lateral

or caudal shell margins. Soft-shelled and common snapping tur-
tles will reach their heads back almost two-thirds the length of
their carapace. All sea turtles have the potential to deliver a major
bite to the handler and, when removed from the water, will vig-
orously flap their flippers.

Lizards
All lizards will bite. Large lizards will also scratch and whip with
their tails. Small lizards are restrained in a plastic bag or with a
towel. Inappropriate tail restraint may elicit tail autotomy (shed-
ding). Gecko skin is fragile and easily torn during restraint. The
Gila monster and beaded lizard are venomous. Iguanas are im-
mobilized for short periods by gently pressing down on their eyes
and will “revive” spontaneously in response to loud noises and
position changes.
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Fig. 35.1. A red-eyed tree frog confined in a clear plastic container
containing a solution of tricaine methane sulfonate (MS-222) for in-
duction of anesthesia. The container prevents escape while still al-
lowing the animal to be monitored.

Fig. 35.2. A physical restraint technique for a large anuran such as
this American bullfrog.



Crocodiles, Alligators, Caiman, and Gharial
All crocodilians bite, whip their tail, and roll to escape physical
restraint. They can sweep their head 180° from side to side and
are preferably approached from behind. Small crocodilians are
grasped around the neck and at the base of the tail. A towel may
be used temporarily to blind the animal and hold it to the han-
dler’s body. In small animals, the neck grip includes a foreleg to
reduce rolling. Medium to large crocodilians are very dangerous.
In captivity, these animals can be induced with food or training
to enter a physical restraint device. If an animal is semiconfined,
a zip tie may be placed over the upper and lower jaws and the
mouth tied closed. The jaw opening force is much less than the
closing force, so it is relatively easy to keep the mouth closed.
Once this is accomplished, a rope is placed around the neck to in-
clude a forelimb, and the animal is hauled onto land. A physical
restraint board will facilitate handling and transportation (Fig.
35.3). The mouth is taped closed using electricians tape because
it is less injurious to the skin and appears more resilient in a wet
environment than are other tapes. Care is taken to prevent occlu-
sion of the nares at the tip of the maxilla. In many crocodilians,
teeth protruding outside the jaw can still lacerate an unwary han-
dler if the animal swings its head. Prolonged restraint with the
mouth closed will result in dehydration, even if the animal is al-
lowed to immerse. Very large crocodilians are preferably chemi-
cally immobilized with a remote delivery device before handling.
This is not only for personnel safety, but also to reduce lactic
acidemia, as discussed previously. Particular care must be taken
in narrow-snouted crocodilians (e.g., gharial) to not fracture the
jaws.

Preanesthetic Preparation
Values for respiration rate, heart rate, and temperature are deter-
mined for reference. Accurate admission weight and subsequent
daily weighing are essential patient care. The shell is included in
the body weight of chelonians when calculating drug dosages.
Minimal diagnostic testing includes blood collection for packed
cell volume, total protein, and glucose. Blood glucose levels are
generally lower (30 to 100 mg/dL) than those observed in mam-
mals. Anesthesia is preferably performed in the morning to allow
monitoring and ventilation during regular work hours if recovery
is prolonged. A herptile anesthetic patient is maintained within
its preferred optimum temperature during the perianesthetic pe-
riod (25° to 30°C for amphibians and temperate and aquatic rep-
tiles, and �30°C for tropical species). Although regurgitation
and aspiration are unlikely to cause problems, perioperative fast-
ing is recommended because of impaired digestion.

Premedication
Prolonged parenteral drug clearance generally precludes the use
of sedatives and tranquilizers that cannot be reversed with an
antagonist. Parasympatholytics are not indicated to reduce secre-
tions. �2-Adrenergic agonists alone produce minimal to no seda-
tion and questionable restraint. Benzodiazepines, particularly mi-
dazolam, appear to be effective and useful adjuncts to anesthesia

in some, but not all, water turtles, lizards, and crocodilians.10–13

The effects of benzodiazepines can be reversed with flumazenil.
Opioids and nonsteroidal anti-inflammatory drugs are admin-

istered preoperatively when pain is present or likely to occur.
Generally, the same drugs and dosages can be used as those used
in mammals, but dosing is less frequent because of relatively pro-
longed drug clearance. Unlike birds, reptiles appear refractory to
the analgesic effects of butorphanol, but responsive to morphine,
meperidine, and buprenorphine.14–17 Further research to evaluate
analgesic pharmacology and perianesthetic regimens in reptiles
and amphibians is needed.18

Local Anesthesia
This approach can be an alternative to general anesthesia in rep-
tiles restrained for procedures involving superficial and accessi-
ble sites (e.g., the limbs of lizards and chelonians). Small-volume
syringes and small-gauge needles are used for accurate drug dos-
ing. The toxic dosages of most local anesthetics do not appear to
have been investigated in most nonmammalian species.
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Fig. 35.3. A New Guinea crocodile physically restrained using a
home-made restraint board. Note the use of a towel to cover the eyes
and ears to reduce external stimuli.



Parenteral Anesthesia: Administration
Routes
Historically, IM injections into the muscles of the anterior body
have been used to reduce drug passage through the kidneys via
the renal portal system. However, studies in turtles and green
iguanas demonstrate that only a small proportion of hind-limb
venous return passes through the kidney.19,20 Consequently, it is
unlikely the IM injection site has much influence on drug anes-
thetic activity.20 Furthermore, posterior IM injection offers the
advantages of increased personnel safety, a larger muscle mass
for injection, and more injection-site options.20 An exception is
the circulation of the green iguana. Blood from the ventral cau-
dal (coccygeal) vein of the green iguana does appear to enter the
renal portal system. Consequently, drugs with a very high first-
pass tubular excretory rate should not be administered by this
route in this species. In snakes, IM injections are administered
into the paravertebral musculature, whereas the pectoral and tri-
ceps muscles are used in chelonians and lizards, respectively.
Distal limb injection is avoided because irritant solutions will
cause tissue necrosis and sloughing. The forearms of chelonians
appear particularly susceptible. Crocodilians have calcified cuta-
neous structures (osteoderms) concentrated on the dorsum and
flanks that will block IM injection.21

Intravenous (IV) and intraosseous injection sites are described
in Tables 35.1 and 35.2, respectively. Intravenous access in am-
phibians is primarily limited to the ventral abdominal vein.
Vascular access is difficult in snakes, and jugular vein catheteri-
zation requires surgical dissection.21 In medium to large snakes,
the palatine vein can be catheterized, but the palatine teeth pre-
clude its use in the induction period (Fig. 35.4). Intracardiac in-
jection is unnecessary, potentially traumatic, and delivers high
drug concentrations directly to the endocardium and coronary
flow. Ventral coccygeal vein injection using a 27-gauge needle is
possible, but even in large snakes is difficult.

The jugular vein of tortoises and freshwater turtles is bilaterally
located at the level of the auricular scale on the dorsolateral sur-
face of the neck. The vein is catheterized using an over-the-
needle catheter (18 to 24 gauge) either percutaneously or after
surgical dissection. However, most awake chelonians resist exten-
sion of the neck and head required to access this vessel. Tame
Galapagos tortoises may allow jugular vein injection though a 19-
or 23-gauge butterfly catheter if they are first distracted with food,
neck scratching, or a water spray. The subcarapacial vessels are
composed of branches from the jugular vein. They are located in
the midline underneath the carapace. The dorsal cervical sinuses
of sea turtles can be used for catheterization with a through-the-
needle catheter.22 The venous plexus on the inside of the forearm
of tortoises is unsuitable for catheterization and anesthetic infu-
sion. However, the dorsal coccygeal vein is readily accessible in
small to large chelonians. To facilitate access, large tortoises and
turtles are gently turned on their backs to cause them to tail curl.
Care is taken to prevent being kicked by the hind legs, and the site
is cleaned and disinfected to prevent bacterial contamination from
feces. A 16- to 18-gauge over-the-needle catheter can be placed in
this vessel in large tortoises and turtles (Fig. 35.5).

Intraosseous catheterization of the distal humerus has been de-
scribed in sea turtles.22 Intraosseous catheterization of the femur,
tibia, or humerus is performed in lizards following lidocaine in-
filtration of the cannulation site (Fig. 35.6). Correct placement is
assessed by palpation, ease of injection, absence of subcutaneous
edema at the injection site, and radiography. In lizards, either the
ventral coccygeal (Fig. 35.7) or abdominal veins can be used for
injection. The ventral coccygeal vein has been recommended for
aggressive lizards and is approached from either the ventral or
ventrolateral tail surface (Fig. 35.8). The cephalic vein is located
on the dorsal surface of the forearm and may be catheterized after
local anesthetic infiltration and surgical dissection. The ventral
coccygeal vein can be catheterized percutaneously in larger
lizards and crocodilians. The technique involves turning the tail
to the side at an acute angle to enable placement of an over-the-
needle catheter. The catheter can then be inserted at an acute
angle in the ventral midline or from the ventrolateral aspect of
the tail (Fig. 35.9).

Parenteral Drugs
Dissociative Anesthetics
The major disadvantages of ketamine include poor muscle relax-
ation, inadequate analgesia, prolonged recovery, the high dosage
requirement for surgical anesthesia, and large injection vol-
ume.23–27 Repetitive administration may result in drug accumu-
lation and prolonged recovery. Advantages to ketamine include a
relatively brief effect and some analgesia, and it can be adminis-
tered intramuscularly. In herptiles, ketamine produces hyperten-
sion and tachycardia, bradypnea, and hypoventilation.23,25,28

Ketamine dosage is reduced, and immobilization quality is im-
proved by combining ketamine with either an �-adrenergic ago-
nist or a benzodiazepine.10,21,29–32 The �-adrenergic agonists are
typically reversed with the antagonist atipamezole to shorten re-
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Fig. 35.4. Placement of an 18-gauge over-the-needle catheter in
the palatine vein of an anesthetized Burmese python. The handler
must take great care to avoid being injured by the palatine teeth that
lie parallel to the vessel. After removal of the catheter, pressure and
gauze must be applied for several minutes to provide hemostasis.



covery time. In gopher tortoises, medetomidine-ketamine combi-
nations produce marked hypertension, tachycardia, and pro-
longed apnea.30 The latter results in hypoxemia and hypercapnia
if the animal is not ventilated. Intravenous atipamezole adminis-
tration is not recommended because of potential transient asys-
tole, bradyarrhythmias, and profound hypotension.30

Tiletamine and zolazepam (Telazol) is not indicated for use in
most herptiles because of its long duration of effect (�24 h).
However, it does offer the advantage of potency and the ability to
produce a high drug concentration, thereby reducing injection

dosage. This is useful when immobilizing large aggressive rep-
tiles (e.g., pythons, monitor lizards, and crocodilians).

Propofol
This is the anesthetic induction agent of choice when preinduc-
tion vascular access has been attained. Its main advantage is that
it is rapidly metabolized and thus has a relatively brief effect. In
iguanas, propofol (10 mg/kg intraosseously) produces short-term
immobilization, but is associated with prolonged apnea.33

Subsequent clinical experience indicates this dosage is excessive.
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Table 35.1. Vascular access in amphibians and reptiles

Amphibians Ventral abdominal vein–Located in the midline immediately under the skin and may occasionally be identified by
using transillumination. Use a 25- to 27-gauge needle and be careful to avoid penetrating the underlying viscera.

Ventral coccygeal vein–Located in the ventral midline of the tail. Use a 22- to 27-gauge needle. Insert the needle less
than one-third of the distance from cloaca to tail. Apply gentle aspiration until either bone or blood is encountered.
If unsuccessful, reposition the needle either cranially or caudally

Heart–Indicated for emergencies. Not recommended for routine injection.
Crocodilians Ventral coccygeal vein–Insert the needle in the ventral midline of the tail. Insert a 22- to 25-gauge, 1.5- to 3.0-inch

needle (Fig. 35.9) less than one-third of the distance from cloaca to tail. Apply gentle aspiration until either bone or
blood is encountered. If unsuccessful, reposition the needle either cranially or caudally. This vessel may also be
approached laterally by directing the needle at the vertebral body and “walking” it to the vessel on the ventral
aspect of the bone.

Dorsal coccygeal vein–Located dorsal to the vertebrae in the midline. Insert a 22- to 25-gauge 1.5- to 3.0-inch
needle less than one-third of the distance from cloaca to tail. Apply gentle aspiration until either bone or blood is
encountered. If unsuccessful, reposition the needle either cranially or caudally.

Supravertebral sinus–This vessel lies immediately dorsal to the spinal canal and is not recommended for anesthetic
administration because of the potential for drug to be accidentally administered into the spinal fluid.

Squamata Snakes Palatine vein (medium to large snakes)–Located medial to the palatine teeth in the roof of the mouth (Fig. 35.4). Take
care to prevent injury to fingers. 

Jugular vein–The right is larger than the left. Make an incision four to seven scutes cranial to the heart at the junction
of the ventral scutes and the right lateral body scales. Identify the vein by using blunt dissection just medial to the
tips of the ribs.49

Coccygeal vein–Located on the ventral midline of the tail. Insert a 22- to 27-gauge needle less than one-third of the
distance from cloaca to tail to avoid the hemipenes in males and the anal sacs. Apply gentle aspiration until either
bone or blood is encountered. If unsuccessful, reposition the needle either cranially or caudally.

Heart–Indicated for emergencies. Not recommended for routine injection.
Lizards Cephalic vein–Located on the dorsal (anterior) surface of the distal foreleg. Make a skin incision from the elbow

distal and medial over the dorsal forearm to enable visualization of the vein.49

Ventral abdominal vein–Located in the ventral midline, it may be entered percutaneously or following a small skin
incision in the midline to visualize the vessel.

Coccygeal vein–Located in ventral midline of tail (Figs. 35.8). Insert the needle sufficiently caudal to the cloaca to
avoid the hemipenes in males and the anal sacs. The vessel is entered either directly from the ventral midline or
laterally. The needle is inserted ventral to the transverse processes and advanced until the vertebral body is
contacted. While gentle suction is applied with the syringe, the needle is “walked” ventrally around the vertebral
body until the vessel is identified. It may also be approached laterally as described in crocodilians.

Chelonia (tortoises Jugular vein–Located on lateral surface of neck at the level of the auricular scale. In some animals, it may be 
and turtles) percutaneously catheterized. In hypovolemic or hypotensive animals, a longitudinal skin incision is required for

visualization. Positive-pressure ventilation may assist distension of the vessel for catheterization.
Dorsal coccygeal vein–Located in midline, dorsal to the vertebrae (Fig. 35.5). To facilitate injection, turn the animal

gently on its back to cause it to curl its tail onto its plastron. Clean the injection site of feces and other debris.
Take care to avoid being kicked by large tortoises. Insert the needle in the midline and advance it until bone is
contacted. Gentle suction will enable identification of the vessel.

Dorsal cervical sinus (sea turtles)–Located on the dorsolateral surface of the neck just under the palpable dorsal
neck muscles.
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Fig. 35.5. A subadult Galapagos tortoise with a 16-gauge over-the-
needle catheter placed in the dorsal coccygeal vein for administration
of propofol.

Fig. 35.6. This radiograph of the femur of a bearded dragon
demonstrates the placement of an intraosseous catheter for fluid ad-
ministration.

Table 35.2. Techniques and sites for intraosseous catheterization in amphibians and reptiles.a

Order Site

Anura (frogs and toads) Distal femur–Flex stifle, curve in the distal femur, usually enables the catheter to be introduced proximal to the
joint.

Squamata (lizards) Distal femur–Flex stifle, curve in the distal femur, usually enables the catheter to be introduced proximal to the
joint (Fig. 35.6).

Proximal tibia–Differentiate it from the lateral fibula. Pass the catheter through the tibial crest and pass the
needle to the medial surface of the leg as it is passed into the bone.

Proximal humerus–Place the catheter either into the greater tubercle or slightly medial to it.
Chelonia

Tortoises and Turtles Carapace-plastron bridge–Pass the needle at an acute angle through the bony bridge between the plastron
and the carapace. The catheter usually enters the coelomic cavity rather than the intramedullary space.

Sea turtles Distal humerus–Place the animal in sternal recumbency. From the front, grasp left or right foreflipper, insert
the needle in the distal one-quarter of the medial aspect of the humerus at an angle of about 30° to 45°
from parallel. Insert the needle as far distal as possible without entering the joint capsule. Turtle bone is
very dense, so it is difficult to introduce a catheter.

aIn all but the smallest patients, spinal needles are recommended to prevent blockage of the needle bore with a bone plug. Measuring half the length of the
bone approximates needle length. All intraosseous catheter sites are cleaned and aseptically prepared for introduction of the needle. The bone selected for
catheterization is firmly grasped in one hand, and the needle inserted with a twisting of the wrist. Successful placement is indicated by a sudden change in re-
sistance and rapid advancement of the needle, a “grating” feeling as the needle passes through medullary bone, and ease of infusion of a test injection of he-
parinized saline. Intraosseous catheters can remain in place for 3 days before removal.



To reduce the adverse cardiopulmonary effects, it is recom-
mended that propofol be administered in small boluses to effect.
In herptiles, time between boluses may need to be 2 to 5 min or
more to allow sufficient time for maximum effect.

The muscle relaxants succinylcholine, gallamine, and rocuro-
nium have been used to restrain and immobilize chelonians and
crocodilians.34,35 The major advantages of succinylcholine are
small injection volume, relatively short recovery, and low cost. A
major disadvantage is that it produces muscle contractions that
cause pain, distress, hyperkalemia, and myoglobinuria. Further,
paralysis of the respiratory muscles produces apnea and hypox-
emia. Since succinylcholine depends on hepatic and/or circulat-
ing pseudocholinesterases for metabolism and excretion, liver

dysfunction makes duration of recovery unpredictable. Phallus
prolapse, with associated trauma, is a frequent complication in
male reptiles administered muscle relaxants. The nondepolariz-
ing muscle relaxants offer the advantage of reversal with neostig-
mine. However, because there are alternative induction and im-
mobilization regimens, neuromuscular blocking drugs are not
recommended for immobilization of herptile species.

Inhalant Anesthesia
This is used for maintenance because of ease of control of anes-
thetic depth, reasonably rapid recovery, and predictability of ef-
fects across different species. Induction and recovery are gener-
ally slower in herptiles than mammals and often unpredictable.
Low cardiac output that delays anesthetic removal from the alve-
oli would be expected to promote a rapid induction.8 However,
this effect is counterbalanced by an inefficient respiratory system
and low alveolar ventilation.36 Furthermore, cardiac shunts (par-
ticularly in aquatic and semiaquatic species) may bypass either
part or all lung tissue.8,36 To hasten inhalation anesthetic induc-
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Fig. 35.7. The ventral midline approach for accessing the ventral
coccygeal vein in a physically restrained Tokay gecko.

Fig. 35.9. A lateral approach technique for accessing the ventral
coccygeal vein in the tail of a New Guinea crocodile.

Fig. 35.8A and B. An intravenous catheter placed in the coccygeal
vein of a green iguana. This vessel can also be catheterized in other
large lizard species and crocodilians.

A

B



tion, it is recommended herptiles be at their preferred optimum
body temperature, that they be ventilated after being intubated to
improve alveolar ventilation, that high vaporizer settings be used
initially until anesthetic depth is achieved, and that inhalant anes-
thetics with low tissue solubility be used. To promote rapid re-
covery, provide ventilation with room air, ensure the animal is at
an appropriate temperature, begin lowering vaporizer settings 10
to 20 min before completion of the procedure, and use inhalant
anesthetics with low tissue solubility.37

Herptiles at their preferred optimum temperature appear to
have similar anesthetic requirements as mammals.38,39 Hypother-
mic reptiles require a lower maintenance anesthetic setting than
at their preferred optimum temperature. Since metabolic rates of
reptiles are much lower than those of mammals, oxygen require-
ment and carbon dioxide production are also much less.36

Nitrous oxide enhances the induction rate and reduces the re-
quirement for other inhaled anesthetics.38 As expected, sevoflu-
rane administration to desert tortoises and black-throated moni-
tors produces more rapid induction and recovery than does
isoflurane.38,40 Both isoflurane and sevoflurane produce dose-de-
pendent cardiopulmonary depression.17,40,41

Manufactured masks or syringe cases are used for inhalant
anesthetic induction in lizards and occasionally tortoises. Clear
plastic endotracheal tubes (�2-mm internal diameter) are used
for intubation in small reptiles (�0.5 to 2.0 kg). For very small
patients, tubes are constructed from either over-the-needle (18 to
20 gauge) or urinary catheters. However, mucous plugs may act
as one-way valves allowing air into the lungs, but not back out,
causing respiratory tract hyperinflation. Adequate time must also
be allowed between breaths for effective exhalation through very
small diameter tubes.

The herptile glottis is located at the base of the tongue and is
closed except during exhalation and inspiration. The glottal
opening of the green sea turtle is difficult to visualize because of
caudally directed pharyngeal spines. The chameleon trachea is
very short and flexible. Intubation is facilitated by direct applica-
tion of local anesthetic to the glottis. Gentle ventral traction on
the lower jaw will cause the mouth to open. Alternatively, aggres-
sive herptiles will often open their mouth in response to gentle
tapping on their rostrum. Once open, the mouth is prevented
from closing with a mouth gag. In small to medium-sized herp-
tiles, a rubber cooking spatula is used to prevent oral cavity and
teeth damage. Time is allowed for the glottis to open before in-
sertion of the endotracheal tube. Alternatively, the bevel of the lu-
bricated endotracheal tube is used to gently open the closed glot-
tis. After intubation, a mouth gag constructed of wrapped gauze
squares is placed in the mouth. In small herptiles, attaching the
animal’s head, endotracheal tube, and breathing system to a
tongue depressor reduces the possibility of the endotracheal tube
accidentally being either twisted or removed.

In crocodilians, at the base of the tongue is a gular flap that
must be ventrally displaced to visualize the glottis. After anes-
thetic induction, the animal’s head is hyperextended, and the
lower jaw gently pulled downward to enable placement of a
mouth gag. A piece of pinewood makes a good mouth gag be-
cause the teeth can sink into it without causing damage.

Perioperative Monitoring and
Supportive Care
Anesthetic Depth
Increasing depth toward a surgical plane of anesthesia is assumed
when muscle tone (e.g., jaw muscle or cloacal sphincter) de-
creases, palpebral and corneal reflexes are obtunded, and there is
no response to a noxious stimulus. In general, the corneal and
cloacal reflexes are not lost at surgical anesthetic levels. Palpe-
bral and corneal reflexes are not elicited in snakes and some
lizard species because a spectacle protects the cornea. A fixed di-
lated pupil (unresponsive to light) and no corneal reflex (when
previously present) are cross-species indicators of either exces-
sive anesthetic depth or brain-stem hypoperfusion. Respiration
rate and depth are not usually useful in assessing anesthetic depth
because most herptiles become either apneic or bradypneic at a
surgical anesthetic plane. During inhalant anesthetic induction,
snakes relax from the head to tail and recover in the opposite di-
rection. Hence, the absence of a response to either a tail or cloa-
cal pinch suggests that an adequate surgical anesthetic plane has
been achieved. Similarly, the toe and cloacal pinch response is
used to monitor anesthetic depth in amphibians, lizards, and che-
lonians. The palpebral or corneal response can also be used in
chelonians and most lizards. Heart rate and arterial blood pres-
sure will increase in response to a painful stimulus, and sudden
increases in these physiological variables often indicate de-
creased anesthetic depth.

Thermoregulation
During the perianesthetic period, herptiles have an impaired ther-
moregulatory ability. External heat sources include warm-water
or forced-air blankets and radiant heat lamps. Although hy-
pothermia prevention is important, hyperthermia is more likely to
cause trauma and death. It is recommended that body tempera-
tures not exceed 35°C. Burns may occur if a herptile is allowed
to remain either on a hot surface or under a closely placed heat
lamp. Thermal injury is more likely to occur in dehydrated ani-
mals with poor peripheral perfusion. Amphibians are prone to de-
hydration at higher temperatures (>30°C), so their skin must not
be allowed to dry out.

Cardiovascular Monitoring and Supportive
Care
In herptiles, heart sounds are not usually externally auscultated.
The electrocardiograms resemble those of mammals, with clearly
defined P, QRS, and T components.36 In reptiles, an SV wave
may precede the P wave.36 Standard lead positions are used.
However, traditional positioning will not provide adequate wave
deflections in herptiles with low signal voltages. Electrodes are
placed in the cervical region in lizards with hearts located at the
pectoral girdle.6 In snakes, the electrodes are placed two heart
lengths cranial and caudal to the heart.6 In tortoises and turtles,
the cranial leads are placed on the skin between the neck and the
forelimbs.6 To improve signal detection, a stainless-steel suture is
passed through the skin and attached to the electrodes.

Doppler flow-detection contact sites include the ventral aspect

Reptiles, Amphibians, and Fish ● 877



of the tail base, the carotid and femoral arteries, and directly over
the heart. The chelonian carotid artery is located ventral to the
jugular vein on the lateral surface of the neck. It is covered by a
layer of muscle and usually not visible. In chelonians, a pencil
probe placed at the thoracic inlet will detect flow in either the
heart or the major arteries. In an emergency, placement of a probe
over the eye may detect ocular arterial flow in large chelonians.
A probe placed either down the esophagus or into the cloaca and
directed dorsally may also detect arterial flows.

Some reptiles have underdeveloped circulatory reflexes be-
cause they usually remain horizontal (e.g., aquatic and terrestrial
snakes). To prevent orthostatic hypotension in these animals, po-
sitional changes are made slowly, normal body position (usually
horizontal and sternal) is maintained, and hypovolemia and hy-
potension are aggressively treated.

Vascular access is described above and in Tables 35.1 and
35.2. Subcutaneous administration of fluids is not appropriate for
correction of deficits or hemorrhage in the perianesthetic period.
Balanced electrolyte solutions are used for routine fluid adminis-
tration. An argument has been made against the use of lactated
Ringer’s solution in reptiles because of the prolonged half-life 
of lactate.42 It is suggested that a 1:1 combination of 5% dex-
trose and a nonlactated multiple-electrolyte solution such as
Normosol-R (CEVA Laboratories, Overland Park, KS) or Plasma
Lyte (Baxter Health Care, Deerfield, IL) be used.42 Isotonic dex-
trose solution (5%) or combinations are indicated when hypo-
glycemia is present or expected. When necessary for transfusion,
blood is collected into heparinized syringes and administered
soon after collection. Small-volume infusers are essential for ac-
curate fluid infusion in small anesthetized patients.

Respiratory Monitoring and Supportive Care
Auscultation of the respiratory tract is made difficult by the pres-
ence of scales in squamates and the shell in chelonians. To im-
prove sound transmission, use a good-quality stethoscope and
place a moistened paper towel between the stethoscope di-
aphragm and the skin. An esophageal stethoscope will also detect
respiratory sounds.

There are two schools of thought when analyzing ectotherm
blood-gas samples.9 One believes the values should be corrected
back to a common body temperature, usually 37°C. Arterial pH
decreases consistently and systematically with increasing temper-
ature in virtually all ectothermic vertebrates. Another group rec-
ommends analyzing and interpreting the sample at the animal’s
body temperature. Arterial blood samples are difficult to obtain in
most herptiles. The preferable sampling site is the carotid artery
because it reflects blood flowing to the brain.43 Because of the
presence of shunting and the multiple functional chambers, car-
diac samples do not accurately reflect carotid arterial blood values.

Transmission pulse oximetry is made difficult by the lack of
suitable placement sites. Reflectance pulse-oximeter sensors can
be placed in either the esophagus or the cloaca of anesthetized an-
imals. Diethelm et al.44 evaluated pulse oximetry in green igua-
nas. Oxyhemoglobin and deoxyhemoglobin absorbencies at 660
and 940 nm were determined to be similar to those of human he-
moglobin in vitro. A reflectance probe was placed in the esopha-
gus and the measured saturation of peripheral oxygen (SpO2) was

compared with arterial oxygen saturation (SaO2) values calcu-
lated from arterial oxygen partial pressure (PaO2) in blood sam-
ples obtained from the abdominal aorta. There were no significant
differences between SpO2 and SaO2 values, and it was concluded
that pulse oximetry is an excellent tool for monitoring pulse rate
and oxygen saturation in iguanas. The study abstract does not
mention how the SaO2 values were calculated and does not ad-
dress methemoglobin concentrations.44 Another recent study in
green iguanas showed no relationship between calculated hemo-
globin saturations and those obtained from a pulse oximeter.17

Most reptiles appear to develop either apnea or marked bra-
dypnea and hypoventilation when anesthetized. Hence, it is usu-
ally necessary to provide ventilation during anesthesia. The res-
piration rate required is very low (<4 breaths/min) and the tidal
volume of reptiles is usually larger than that of mammals of a
comparable size. Further research is necessary to determine opti-
mum ventilation, whether spontaneous or assisted, in anes-
thetized reptiles. The presence of cardiac shunts in reptiles ren-
ders capnography inaccurate because end-tidal carbon dioxide
partial pressure (ETCO2) values do not reflect arterial carbon
dioxide partial pressure (PaCO2) levels.9

Resuscitation
This follows the same sequential guidelines used in mammalian
patients. The low metabolic rates and low oxygen requirement of
most herptiles allows a prolonged “window” of time in which re-
suscitation can be successful. The author (D.H.) has revived an
iguana after 30 min of apparent asystole.

Anesthetic Recovery
Inhalant anesthetic administration is discontinued 15 to 20 min
before the end of a surgical procedure. If indicated, additional
analgesics are administered at this time. When a procedure is
completed, the reptile is transported to the recovery site. Care is
taken to prevent orthostatic hypotension by maintaining the ani-
mal horizontal and avoiding rapid changes in body position. The
endotracheal tube is maintained in position until spontaneous
respirations or attempts to remove the endotracheal tube are
noted. The endotracheal tube is connected to a bag valve mask
and ventilated with room air to facilitate return to spontaneous
ventilation.37 Amphibian patients are transferred with no anes-
thetic to clean tank water. The animal is provided with a heat
source, and cloacal temperature is monitored. Hyperthermia and
burns are prevented as discussed above. Prolonged recovery may
be due to delayed hepatic biotransformation or renal excretion of
parenteral anesthetic drugs, pulmonary shunting preventing re-
moval of inhalant anesthetics, hypothermia, hypoglycemia, and
severe metabolic disturbances (i.e., acidemia, hyperkalemia, hy-
ponatremia, or hypocalcemia).

Selected Anesthetic Protocols
It is recommended that all amphibians and reptiles undergoing
surgery and/or potentially painful procedures receive an anal-
gesic(s) in the perioperative period.15,16 Anesthetic protocols are
outlined in Table 35.3.
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Table 35.3. Recommended anesthetic regimens for amphibians and reptiles.a

Amphibians Tricaine methane sulfonate (MS-222).45 Buffer a 0.02% to 0.2% (0.2 to 2 g/L) solution with sodium bicarbonate 1
to 3 g/L to a pH of 7.0 to 7.4. Immerse the animal until it is anesthetized (20 to 30 min) and then wash its sur-
faces with clean water. If supplemental anesthetic is required, immerse the animal in half-strength solution or
drape it with towels soaked in solution. Alternatively, intubate it and maintain it with inhalant anesthetic in oxy-
gen. Recovery should be in clean water from the animal’s habitat.

Topical isoflurane (3 mL of isoflurane + 3.5 mL of water-soluble gel + 1.5 mL of water, mixed thoroughly in a
serum tube).46 Apply dorsally (0.025 mL/kg for aquatic and 0.035 mL for terrestrial animals). Induce anesthesia
in a clear plastic container and remove the animal from the container once the animal’s righting response is
lost. Wipe off all gel with a moist towel. The animal can be intubated and maintained with inhalant anesthetic
in oxygen. Recovery should be in clean water from animal’s habitat.

Clove oil anesthetic bath.47 Make it immediately before use: 0.30 mL of clove oil (eugenol: minimum, 85%; and
specific gravity, 1.038 to 1.060) per liter of dechlorinated water and agitate for 4 min. Immerse the amphibian
in a shallow tray for 15 min and then wash off the liquid. Gastric prolapse is common.

Crocodilians Propofol (3 to 5 mg/kg IV). Intubate and ventilate (2 to 4 breaths/min) with either isoflurane (2% to 3%) or
sevoflurane (4% to 5%) in oxygen (± nitrous oxide).

Tiletamine-zolazepam (4 to 6 mg/kg IM). Wait 30 to 45 min and then intubate and ventilate (2 to 4 breaths/min)
with either isoflurane (2% to 3%) or sevoflurane (4% to 5%) in oxygen (± nitrous oxide).

Medetomidine-ketamine (100 to 200 µg/kg + 5 to 10 mg/kg IM, higher dosages in juveniles). Intubate and venti-
late (2 to 4 breaths/min) with either isoflurane or sevoflurane in oxygen (± nitrous oxide). 21 Reverse medetomi-
dine with atipamezole (500 µg/kg IM).

Lizards Propofol (3 to 5 mg/kg IV, IO). Intubate and ventilate (2 to 4 breaths/min) with either isoflurane or sevoflurane
(4% to 5%) in oxygen (± nitrous oxide).

Mask induction with isoflurane (5%) or sevoflurane (7%). Intubate and ventilate (2 to 4 breaths/min) with either
isoflurane (2% to 3%) or sevoflurane (4% to 5%) in oxygen (± nitrous oxide).

Lidocaine (1%) desensitization of the glottis. Wait 2 to 3 min and then intubate and ventilate (2 to 4 breaths/min)
with either isoflurane (2% to 5%) or sevoflurane (4% to 7%) in oxygen (± nitrous oxide),

Tiletamine-zolazepam (4 to 6 mg/kg IM, IV, IO). Intubate and ventilate (2 to 4 breaths/min) with either isoflurane
(1% to 3%) or sevoflurane (3% to 5%) in oxygen (± nitrous oxide).

Medetomidine-ketamine (150 µg/kg: 10 to 15 mg/kg IM, IV, IO). Intubate and ventilate (2 to 4 breaths/min) with
either isoflurane (1% to 3%) or sevoflurane (3% to 5%) in oxygen (± nitrous oxide).

Nonvenomous Snakes Lidocaine (1%) desensitization of glottis. Wait 2 to 3 min and then intubate and ventilate (2 to 4 breaths/min) with
either isoflurane (5%) or sevoflurane (7%) in oxygen (± nitrous oxide); maintain with either isoflurane (2% to
3%) or sevoflurane (3% to 5%) in oxygen (± nitrous oxide).

Large snakes (pythons and boas): tiletamine-zolazepam (3 to 5 mg/kg IM) or medetomidine-midazolam (30
µg/kg–0.3 mg/kg). Wait 45 min and then intubate and ventilate (2 to 4 breaths/min) with either isoflurane (3%)
or sevoflurane (5%) in oxygen (± nitrous oxide); maintain with either isoflurane (2% to 3%) or sevoflurane (3%
to 5%) in oxygen (± nitrous oxide). 

Propofol (3-5 mg/kg IV), ventral coccygeal vein. Intubate and ventilate (2 to 4 breaths/min) with either isoflurane
(3%) or sevoflurane (5%) in oxygen (± nitrous oxide); maintain with either isoflurane (2% to 3%) or sevoflurane
(3% to 5%) in oxygen (± nitrous oxide).

Venomous Snakes Induction-chamber isoflurane (5%) or sevoflurane (7%). Wait until the animal loses its righting reflex and then in-
tubate and ventilate (2 to 4 breaths/min); maintain with either isoflurane (2% to 3%) or sevoflurane (4% to 5%)
in oxygen (± nitrous oxide).

Tiletamine-zolazepam (3 to 5 mg/kg IM, with the snake in squeeze cage). Intubate and ventilate (2 to 4
breaths/min); cover the fangs with a syringe case; maintain with either isoflurane (2% to 3%) or sevoflurane
(4% to 5%) in oxygen (± nitrous oxide). 

Place the snake in Plexiglas tube, and use tongs and forceps to open its mouth; lidocaine (1%) desensitization
of glottis. Wait 2 to 3 min and then intubate and ventilate (2 to 4 breaths/min) with either isoflurane (5%) or
sevoflurane (7%) in oxygen (± nitrous oxide); cover the fangs with a syringe case; maintain with either isoflu-
rane (2% to 3%) or sevoflurane (3% to 5%) in oxygen (± nitrous oxide).

Tortoises and Turtles Propofol (3 to 5 mg/kg) IV, dorsal coccygeal or jugular vein. Intubate and ventilate (2 to 4 breaths/min); maintain
with either isoflurane (2% to 3%) or sevoflurane (4% to 5%) in oxygen (± nitrous oxide).

Medetomidine-ketamine (tortoises, 50 to 100 µg/kg–10 mg/kg; giant tortoises, 40 to 60 µg/kg–4 to 6 mg/kg; and
aquatic turtles, 150 to 300 µg/kg–10 to 15 mg/kg) IM. Wait 45 min and then intubate and ventilate (2 to 4 breaths/
min); maintain with either isoflurane (2% to 3%) or sevoflurane (4% to 5%) in oxygen (± nitrous oxide). 29–32

Lidocaine (1%) desensitization of glottis. Wait 2 to 3 min and then intubate and ventilate (2 to 4 breaths/min) with
either isoflurane (5%) or sevoflurane (7%) in oxygen (± nitrous oxide); maintain with either isoflurane (2% to
3%) or sevoflurane (3% to 5%) in oxygen (± nitrous oxide).

Ketamine (5-mg/kg boluses up to 20 mg/kg) IV. Intubate and ventilate (2 to 4 breaths/min) with either isoflurane
(5%) or sevoflurane (7%) in oxygen (± nitrous oxide); maintain with either isoflurane (2% to 3%) or sevoflurane
(3% to 5%) in oxygen (± nitrous oxide).

IM, intramuscularly; IO, intraosseously; IV, intravenously.
aThe inclusion of an analgesic is mandatory for surgery and painful diagnostic procedures.



Caecilians, Frogs and Toads, Salamanders,
and Newts
The most commonly used chemical immobilization agent and
anesthetic in amphibians is tricaine methane sulfonate (MS-
222).45,46 This drug is dispensed as a white powder and, when
dissolved in distilled water, produces a very acidic solution (pH
� 3.0). Consequently, it is necessary to buffer the solution back
to a physiological pH (7.0 to 7.4) with 1 to 3 g/L of sodium bi-
carbonate (NaHCO3). The pH should always be checked before
immersing an animal. Buffering of the solution has the added
benefit of increasing the ionized drug (the active form of the
drug). When using a buffered solution of MS-222, surgical anes-
thesia can be provided with concentrations as low as 0.02% (0.2
g/L).45 The induction time is around 30 min. The animal should
be confined in a clear container so that it cannot escape, but can
be monitored (Fig. 35.1). Once the animal is anesthetized, it is re-
moved from the solution and placed on a clean moist surface. If
the animal begins moving, it can either be reimmersed in a half-
strength solution or solution added to moist towels draped over
the animal. Aquatic amphibian species have much more efficient
transdermal absorption than terrestrial species and thus may re-
quire a lower dosage. Similarly, larvae and tadpoles appear to re-
quire a lower dosage. Clove oil is an alternative to MS-222.47

Ketamine produces immobilization and anesthesia, but results in
prolonged recoveries. Similarly, tiletamine and zolazepam com-
binations produce very prolonged recoveries.

Inhalant anesthetics administered into solution are cumber-
some and difficult to scavenge. A technique using a topical mix-
ture of isoflurane and K-Y Jelly has been used to immobilize
frogs.46 A viscous isoflurane solution (1.5 mL of water plus 3.5
mL of K-Y Jelly) is produced in an empty serum container that
is shaken vigorously until the contents mix. The liquid/gel is
drawn into a syringe with a 16-gauge needle and then applied di-
rectly to the animal’s dorsum. Dosages vary from 0.025 to 0.035
mL/g of body weight, depending on the species.46 Lower dos-
ages are used for frogs, newts, and salamanders, compared with
toads. Once the solution is applied, the animal is placed in a
small sealed container until induction occurs (5 to 15 min). When
the animal has lost its withdrawal and righting reflexes, a saline-
soaked gauze is used to wipe the dermis free of anesthetic solu-
tion. The animal will remain anesthetized for 45 to 80 min. These
methods provide general anesthesia or can be used for intubation
prior to gas anesthesia.

Nonvenomous Snakes
Small to medium-sized snakes (<20 kg) are manually restrained,
their mouths are opened using a spatula, and 1 to 2 drops of a 1%
lidocaine (without epinephrine) solution is applied directly into
the glottal opening. A period of 2 to 3 min is allowed for the li-
docaine to desensitize the mucosal surfaces before a lubricated
endotracheal tube is passed through the glottal opening.
Although large snakes (�20 kg) can be manually restrained, it is
preferable that an induction agent be administered first to facili-
tate handling and intubation. In large pythons, a tiletamine-
zolazepam combination (Telazol, 3 to 4 mg/kg) is administered
intramuscularly 45 min before the animal is intubated. Alter-

natively, a combination of medetomidine (30 µg/kg) and midazo-
lam (0.3 mg/kg) may be used. These injections are given through
the cloth bag restraining the snake. Ventral coccygeal vein ad-
ministration of propofol is difficult even in large snakes, but can
be attempted using small-gauge needles. Snakes can also be in-
duced by placing them in an induction chamber and administer-
ing high inhalant anesthetic concentrations in oxygen. Once intu-
bated, the snake can be connected to an anesthetic breathing
system, maintained with isoflurane in oxygen, and ventilated one
to six times per minute.

Venomous Snakes
The main difference between venomous and nonvenomous snake
anesthesia is the importance of careful physical restraint during
the perianesthetic period. Although parenteral anesthesia is never
relied on to produce complete immobility, a low IM dose (3 to 4
mg/kg) of tiletamine-zolazepam 30 to 40 min before inhalation
anesthesia will decrease the responsiveness of the snake and may
contribute to analgesia. The authors prefer to induce anesthesia
in venomous snakes in either an induction chamber or snake tube
with isoflurane. Alternatively, the animal is intubated while
awake while restrained in a snake tube. The snake is allowed to
advance to a position just before the end of the tube. A long pair
of tongue forceps or a vaginoscope is then used to open its mouth
and manipulate the endotracheal tube through the glottis. Once
the animal is restrained, the fangs are covered with either a sy-
ringe case or urine cup and taped in place to prevent accidental
envenomation. During recovery, the endotracheal tube is re-
moved with forceps when spontaneous respiration is present but
before struggling occurs.

Lizards
Lizards may be induced with an inhalant anesthetic administered
into a plastic bag, induction chamber, or mask. Breath holding,
though sometimes present, is not as large a problem as some au-
thors suggest and does not preclude its use. Gently running fin-
gers along a lizard’s chest wall will usually elicit a respiration.
Some lizards may also be intubated while awake, as with chelo-
nians and snakes. The preferred induction agent is propofol (3 
to 6 mg/kg) administered into the ventral coccygeal vein.
Tiletamine-zolazepam (4 to 8 mg/kg) can be given intramuscu-
larly to facilitate handling of large lizards.

Chelonians
Some tortoises and turtles can be intubated while awake. Once
intubated, they are ventilated with isoflurane in oxygen (with or
without nitrous oxide). In animals in which a parenteral anes-
thetic is required for intubation, the authors prefer propofol (3 to
5 mg/kg) administered into the dorsal coccygeal vein (Fig. 35.5).
Alternatively, small IV boluses (1 to 2 mg/kg) of ketamine may
be used. If vascular access is not possible, a combination of IM
ketamine and medetomidine can be used for induction.29,31,32

The dosage is lower in land tortoises than in aquatic turtles.
Atipamezole is administered intramuscularly to reverse the
medetomidine and hasten recovery. Mask induction is possible
with either isoflurane or sevoflurane in oxygen, but is likely to be
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prolonged because of breath holding and pulmonary shunting in
aquatic species.

Anesthesia of sea turtles is similar to that of other cheloni-
ans.29,48 However, they tend to be large, powerful, and some-
times more aggressive. The sea turtle glottis may be very difficult
to visualize because it is hidden in the folds and spines of the
pharynx. Pulmonary shunting is a problem for inhalation anes-
thesia in sea turtles and probably explains some of the prolonged
recoveries observed in animals that appear lightly anesthetized
during a procedure.48,49 Unfortunately, there appears to be no
mechanism for avoiding this problem.

Crocodilians
Crocodilian anesthesia usually requires a combination of physi-
cal restraint (Fig. 35.3) and anesthetic drugs.4,35 Muscle relax-
ants have commonly been used for chemical immobilization of
medium to large crocodilians. In addition to the lack of analge-
sia, the therapeutic index of these drugs is very low. An alterna-
tive to muscle relaxant–induced immobilization is using the com-
bination of tiletamine and zolazepam. A recent study that also
assessed medetomidine with ketamine in alligators concluded
that this combination provided good reversible restraint.16 How-
ever, the dosages used were much higher than those needed to
immobilize chelonians and other reptiles. When IV access can be
attained, propofol is a valuable agent for induction and mainte-
nance of anesthesia. Dosages vary from 2 to 5 mg/kg. Once the
crocodile or alligator is intubated, it can be ventilated and main-
tained on an inhalant anesthetic.

Fish Anesthesia
As with other veterinary patients, a solid understanding of anes-
thetic agents and procedures will greatly enhance the diagnostic
and treatment options available to veterinarians working with
fish. Although the topic of fish anesthesia may be new to most
veterinarians, the concepts and procedures are relatively easy to
master. With a basic understanding of fish physiology and
anatomy, practitioners should be able to sedate and anesthetize a
variety of fish species for both medical and surgical procedures.
This discussion focuses primarily on anesthesia of teleost fish
(bony fish) and contrasts differences to cartilaginous fish (sharks
and rays).

Anatomy and Physiology
There are more than 24,000 species of fish. In comparison, there
are only 4,000 species of mammals. Because of this tremendous
diversity of species, there are many species-specific responses.
Accordingly, when working with a new fish species one should
anesthetize and recover a few individuals before applying a par-
ticular anesthetic protocol or technique to a large number of
individuals.

Fish are vertebrates that are uniquely adapted to the aquatic
environment. While they do not have lungs, they do respire and
require oxygen for routine metabolic processes. Fish use their
gills for respiratory gas exchange and can remove oxygen from
the water and transfer carbon dioxide and other metabolic by-

products back into the water. For this reason, adequate oxygen
levels in the animal’s aquatic environment are critical for normal
respiration and safe anesthesia. During fish respiration, water en-
ters the mouth, passes over the gill filaments, and travels out
through the opercular opening. Movement of this opercular flap
is a good method to grossly evaluate respirations.50–54 The gill
filaments are anatomically designed for water flow from cranial
to caudal, therefore it is recommended that anesthetic-delivery
systems provide water flow in a similar direction.

Depending on the procedure, the patient may remain either in
its water environment or be removed for prolonged periods of
time. In general, fish can be safely removed from water for peri-
ods of 1 to 4 min in order to perform routine diagnostic proce-
dures (e.g., blood collection, biopsy, radiography, etc.).51–54 For
longer procedures (i.e., surgical intervention), the patient can re-
main out of water for much longer periods, but must be kept
moist to prevent desiccation.51–54 Placing the patient in a shallow
water bath or on a wet foam block and intermittently dripping or
spraying water over the animal can accomplish this. The gills
must be kept wet for adequate oxygen exchange. If the fish is
placed in a shallow water bath, the water level should be adjusted
to cover the gills. If the animal is maintained on a wet foam
block, water flow must be provided into the oral cavity and over
the gills.

Fish are poikilothermic and their body temperature is directly
influenced by their external environment. It is important to know
the general water temperature ranges for different species and
maintain their water anesthetic solutions in a similar temperature
range.

Anesthetic Protocols
Most commonly, the anesthetic agent can be dissolved in water
which is used to deliver the drug to the fish. This is a form of in-
halation anesthesia since the anesthetic agent is delivered via the
respiratory system. While there are some injectable anesthetic
agents that are effective, difficulty with controlled delivery com-
bined with their very different species-specific dosages makes
the use of injectable agents generally more problematic.51,53,54

Adding an anesthetic agent to the water is a relatively simple
and safe method of anesthesia. Inhalant water anesthesia allows
the animal to remain in its normal environment during induction
and does not require direct patient handling or knowledge of the
animal’s body weight. It is critical to have adequate and appro-
priate water for anesthetic induction, maintenance, and patient
recovery. When available, it is recommended that the anesthetic
water source be the animal’s own environmental water (i.e., tank
or pond). There are many water quality variables that have direct
impact on fish physiology, and abrupt changes of water parame-
ters can have deleterious implications.

Water quality testing should be performed prior to any anes-
thetic attempt. The specific tests conducted are dictated by the
size of the system, the water quality history and whether it is
fresh water or marine. In general, the following basic parameters
should be evaluated: temperature, pH, nitrate, nitrite and ammo-
nia.52,54 If water from the tank is not being used, it is important
that both tank water and anesthetic water are tested, and that
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anesthetic water quality parameters closely resemble those of
the home tank. Water quality testing and maintaining appropri-
ate parameters is more critical for longer anesthetic procedures.
For short anesthetic events (i.e., less than 10 min), the equip-
ment needs are minimal and require only an induction system
and a recovery system. This “system” is usually a water filled
container, the size of which will be dictated by the size of the pa-
tient. Small plastic containers or buckets work well for animals
less than 1 kg, and larger plastic food coolers for larger fish.
This setup is ideal for short diagnostic evaluations, including
skin scrapes, gill biopsies, blood collection, body weight meas-
urement, and diagnostic imaging. The patient is placed in a con-
tainer filled with the anesthetic containing water for induction.
Once the fish has become recumbent, it can be evaluated either
by elevating the area of interest out of the water or by removing
the whole patient to a shallow water bath. After completion of
the procedure(s), the fish is placed in a container with anes-
thetic-free water for recovery.

As with anesthesia of other animals, appropriate oxygen sup-
plementation is critical. Air stones can be attached to the oxygen
tubing of an anesthetic machine or directly to an air tank for de-
livery. In general, the air stone should follow the patient through
each tank system (induction, maintenance, and recovery).

For longer anesthetic procedures (e.g., more than 5 to 10 min),
the patient should be removed from the induction system and
placed in a container of water with a lower maintenance anes-
thetic concentration. For these procedures anesthetic and oxygen
delivery is enhanced by an active flow of water over the gills.
This can be accomplished either through the use of a gravity-fed,
elevated water container or a small water pump.51,52,54 The ele-
vated container can easily be constructed using empty IV fluid
bags and associated IV drip sets. A corner at the top of the IV bag
is cut away, the bag is emptied, and the anesthetic solution
poured in. An air stone is placed into the bag through the open-
ing at the top. The IV drip set is attached to the bag and the so-
lution directed into the patient’s mouth. The flow can be adjusted
using the adjustable valve on the fluid line. In general, the author
uses 1-L bags with a corresponding small animal drip set for
smaller patients (<200 g) and 3- to 5-L IV bags with higher flow
equine drip sets for larger patients. A plastic Y piece can be at-
tached to the end of the IV line and placed in the animal’s oral
cavity. The Y piece helps direct water flow directly over the gills
and out through the operculum. This helps prevent water flow
into the GI tract. This system is easy to create, but does require
continual refilling of the bag for longer procedures.

Another option is to create a closed system with a water pump.
This is much more convenient for longer procedures or if several
anesthetic events are scheduled. A submersible pump is placed
within the anesthetic water container and water is pumped from
the tank into the patient’s mouth via a flexible tube.52 The water
pump and the outflow tubing should be adjusted to allow a
steady, gentle flow of water through the opercular flaps. Exces-
sive water velocity or placement of the tube in the caudal portion
of the oral cavity can cause gastric dilation and poor oxygena-
tion. The patient should be positioned on a fenestrated platform
that allows the water to drain back into the anesthetic water tank.

Perioperative Considerations
Although not required, it is generally recommended that patients
be fasted 12 to 24 h prior to anesthesia. Fish do not have lungs
and cannot aspirate. They can however regurgitate and digesta
can become trapped in the gill arches. Fasting also helps decrease
the likelihood of fecal contamination of the anesthetic and recov-
ery water systems.

In practice, preoperative hematologic evaluation is not com-
monly performed in fish although the merits of a preanesthetic
evaluation still apply. In many cases large numbers of animals are
sedated and preanesthetic blood work may not be realistic. In ad-
dition, normal hematological blood parameters have not been doc-
umented and values for many species can be difficult to interpret.

Anesthetic Levels and Monitoring
Anesthetic monitoring is important to ensure the patient is at the
appropriate anesthetic level for the procedure being conducted.
As with other animals, fish pass through anesthetic stages as they
become sedated and anesthetized (Table 35.4). Depending on the
species, the agent, and the concentration, each stage of anesthe-
sia may not be recognized.1 In general, sedation is characterized
by slower swimming and reduced reaction to stimuli. As the fish
becomes anesthetized, it becomes ataxic, loses its righting reflex,
and does not respond to stimuli. At a surgical plane of anesthesia
the animal is recumbent, has decreased respiration, and does not
respond to noxious stimuli (e.g., pinprick).

Fish respiration is observed by noting the rate and quality of
opercular movements. As the depth of anesthesia increases, res-
piration rate will decrease and may eventually become nonexis-
tent. A lack of respirations should not be cause for alarm, but the
clinician should reduce the anesthetic concentration and ensure
that well-oxygenated water is flowing over the gills. Gill color is
also a useful method of grossly evaluating oxygenation and anes-
thetic depth in fish. In a critical situation, anesthetic-free water
can be flushed over the gills using a large syringe. The gills
should be dark pink to light red. Pale gills are an indicator of hy-
potension, hypoxemia, or anemia.51,52 For longer anesthetic pro-
cedures, other anesthetic monitoring equipment including ECG,
a Doppler flow detector, or ultrasonography can be used. When
using these monitors in fish to evaluate heart rate, trends are
more important than specific rates. Normal heart rates are not
known for many species, but in general, fish have a significantly
slower heart rate than similar sized mammals. The fish my-
ocardium uses local glycogen stores rather than circulating glu-
cose. The fish heart contracts independently of nerve impulses
from the brain. It is important to note that a clinically dead fish
may still have a heart beat; therefore, pulse should not be used as
the sole method of anesthetic monitoring. In the author’s experi-
ence, pulse oximetry has little practical application in fish.

Waterborne Anesthetics
MS-222
This anesthetic agent has several common names, but is often re-
ferred to as Tricaine-S, Finquel, or tricaine methane sulfonate.
MS-222 is the most commonly used fish anesthetic agent and is
the only product approved by the Food and Drug Administration
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Center for Veterinary Medicine for use in fish intended for
human consumption.50,51,54–56 The agent is supplied as a white
powder that is easily soluble in water. It is an acidic compound
and can cause significant pH changes when added to water. This
is especially true in fresh water with a low buffering capac-
ity.51,52 For this reason, it is important to buffer the pH of the
anesthetic water with sodium bicarbonate. Baking soda, a readily
available form of sodium bicarbonate, can be added to the anes-
thetic water until saturation occurs (i.e., until the baking soda no
longer dissolves). Adequately buffered solutions will maintain a
neutral pH (7.0 to 7.5) after MS-222 has been added. MS-222 is
very safe and effective in a wide variety of species and can be
used for light sedation (e.g., shipments), surgical anesthesia or, at
very high concentrations, for euthanasia.50–54,56

The desired concentration of MS-222 will depend on the de-
sired depth of anesthesia, the water temperature, the water hard-
ness, and the animal’s species, age, and overall health.53 In gen-
eral, MS-222 is more potent and has a narrower safety margin in
warmer, softer water and with young fry.51–53 Published dosages
vary widely for fish and range from 25 to 300 mg/L. Induction
concentrations between 75 and 125 mg/L, and maintenance solu-
tions of approximately 50 to 75 mg/L are usually effective.54

Euthanasia can be achieved by placing animals in a concentration
of 1000 mg/L for 5 to 10 min (Tables 35.5 and 35.6).54

MS-222 has no anesthetic effects in mammals, and exposure is
generally considered safe for people, although there have been
reports in the literature of chronic exposure to high levels of MS-
222 causing reversible retinal lesions in humans.57 For this rea-
son, inhalation of the powder should be avoided, gloves worn,
and hands washed after handling.

Clove Oil (Eugenol)
The active ingredient in clove oil is eugenol, which is available
from health food stores (90% active ingredient) or from pharma-

cies as 100% eugenol.52,57 Eugenol has become a popular anes-
thetic for freshwater species, including koi and trout. In New
Zealand and Australia, a commercially available form of iso-
eugenol is marketed under the trade name Aqui-S.55 Eugenol oil
is commonly diluted 1:10 with ethanol before being mixed with
water.51,52 It has been compared with MS-222 in a limited num-
ber of species and appears to be an effective fish anesthetic.
51,52,54,55,57–60 Eugenol has a narrower margin of safety than MS-
222 and is more likely to cause respiratory failure at higher con-
centrations.57 Published dosages for eugenol range from 40 to
200 mg/L, with those at the higher end being associated with
longer recoveries and an increased need for manual resuscita-
tion.52,54,55,57–60 Fish anesthetized/immobilized with higher con-
centrations of eugenol appear to react more vigorously to hypo-
dermic needle injections when compared with fish anesthetized
with MS-222.55

Isoflurane
This technique has had limited use in fish. It is effective, but ad-
ministration and safe scavenging of waste anesthetic gas is prob-
lematic. Although vaporized isoflurane can be easily bubbled
into water, this method can take a long time to reach anesthetic
concentrations. A much more rapid and effective method is to
mix liquid isoflurane directly into the water. Since isoflurane is
hydrophobic, it beads up in water. To enhance distribution into
water, it can be applied by injecting the liquid isoflurane through
a small-gauge needle under the water’s surface. When added in
this manner, small droplets of isoflurane mix in the water.
Although this method of administering gaseous anesthesia is ef-
fective, a major concern is the difficulty of scavenging waste
anesthetic gases. A small “fume hood” can be created by attach-
ing a funnel to a vacuum scavenger system and inverting the fun-
nel over the anesthetic-water mixture. Induction concentrations
range from 0.4 to 0.75 mL of liquid isoflurane/L of water.
Maintenance concentrations are approximately 0.25 to 0.4 mL of
isoflurane/L of water.54,58

Other Water-Based Anesthetic Agents
Quinaldine, metomidate, and benzocaine have all been used 
as anesthetic immobilizing agents in fish.51–53 Like MS-222 
and eugenol, these agents are mixed with water to create an anes-
thetic solution that is passed over the gills of the fish. In the
United States, these agents are not approved for fish intended for
human consumption, are less available, and are not commonly
used.

Injectable Anesthetics
Propofol
This lipid-based anesthetic emulsion has been demonstrated 
to be effective in several fish species.51,61 Its major disadvantage
is that it must be given intravenously. It has a rapid induction rate
and provides light anesthesia for 60 to 200 min.51,61 Similar to
mammalian species, propofol produces cardiac and respiratory
depression in fish. Dosages range from 3.5 to 7.5 mg/kg, and
specific dose requirements will likely vary widely among
species.51,61
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Table 35.4. Anesthetic stages of fish.50,53,56

Reacts to external stimuli
Stage 0 Normal Normal opercular respirations

Stage 1 Light sedation Decreased opercular movement
Decreased response to visual 

and tactile stimuli
Stage 2 Deep sedation Only reactive to gross stimulation
Stage 3 Light anesthesia Loss of equilibrium

Loss of muscle tone
Reactive only to strong tactile 

stimuli
Stage 4 Deep anesthesia Total loss of reactivity and loss 

of reflexes
Respiratory and heart rate 

diminished
Stage 5 Medullary collapse Cardiac and respiratory arrest

Death
Overdose



Ketamine-Medetomidine
Ketamine in combination with medetomidine is usually reserved
for larger fish that cannot be manually placed in an anesthetic
bath. This is common in large aquarium systems or in free-
ranging open-water situations.62 The drug combination can be de-
livered via a spring-loaded pole syringe if the animal is swimming
in the water, or via hand injection if the animal is in a net.52,54,62

Teleost (bony) fish are more refractory to these agents and re-
quire fairly high dosages. Elasmobranches (sharks, rays, and
skates) are more susceptible to ketamine-medetomidine effects,
and this has become the regimen of choice for immobilizing
large sharks.52,62 Teleost dosages range from 1 to 7 mg/kg keta-
mine plus 30 to 100 µg/kg medetomidine injected intramuscu-
larly.52 This combination can be partially reversed with atipame-
zole administered at fivefold the medetomidine dose (on a
milligram basis). Elasmobranch dosages range from 1 to 5 mg/kg
ketamine combined with medetomidine at 50 to 100 µg/kg ad-
ministered intramuscularly.52,54,62

Nonchemical Methods of Immobilizing Fish
In the aquaculture and fisheries industries, there are several
methods of slowing or immobilizing fish that may not tradition-
ally be considered anesthetic techniques. These include hy-
pothermia, electroshock, and application of carbon dioxide.

Hypothermia
This is commonly used when transporting large numbers of fish.
Since fish are poikilothermic, reducing their environmental tem-
perature will slow their metabolism and reduce movement. In
general, slow gradual cooling is preferred and causes less delete-
rious physiological changes. It should be noted that hypothermia
results in immobilization only and is best reserved for transporta-
tion of fish and not used for invasive surgical procedures.53

Electroshock or Electroimmobilization
These methods inhibit the fish’s ability to swim due to a current-
induced tetany.53 They are primarily used in freshwater animals
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Table 35.5. Tricaine methane sulfonate (MS-222) concentration dosing chart.

Grams of MS-222
Gallons Liters
of Water of Water 25 mg/La 40 mg/L 50 mg/L 60 mg/L 70 mg/L 80 mg/L 90 mg/L 100 mg/L 125 mg/L 150 mg/L

0001 3.79 0.09 0.15 0.19 0.23 0.26 0.30 0.34 0.38 0.47 0.57
0002 7.57 0.19 0.30 0.38 0.45 0.53 0.61 0.68 0.76 0.95 1.14
0003 11.36 0.28 0.45 0.57 0.68 0.79 0.91 1.02 1.14 1.42 1.70
0004 15.14 0.38 0.61 0.76 0.91 1.06 1.21 1.36 1.51 1.89 2.27
0005 18.93 0.47 0.76 0.95 1.14 1.32 1.51 1.70 1.89 2.37 2.84
0006 22.71 0.57 0.91 1.14 1.36 1.59 1.82 2.04 2.27 2.84 3.41
0007 26.50 0.66 1.06 1.32 1.59 1.85 2.12 2.38 2.65 3.31 3.97
0008 30.28 0.76 1.21 1.51 1.82 2.12 2.42 2.73 3.03 3.79 4.54
0009 34.07 0.85 1.36 1.70 2.04 2.38 2.73 3.07 3.41 4.26 5.11
0010 37.85 0.95 1.51 1.89 2.27 2.65 3.03 3.41 3.79 4.73 5.68
0011 41.64 1.04 1.67 2.08 2.50 2.91 3.33 3.75 4.16 5.20 6.25
0012 45.42 1.14 1.82 2.27 2.73 3.18 3.63 4.09 4.54 5.68 6.81
0013 49.21 1.23 1.97 2.46 2.95 3.44 3.94 4.43 4.92 6.15 7.38
0014 52.99 1.32 2.12 2.65 3.18 3.71 4.24 4.77 5.30 6.62 7.95
0015 56.78 1.42 2.27 2.84 3.41 3.97 4.54 5.11 5.68 7.10 8.52
0016 60.56 1.51 2.42 3.03 3.63 4.24 4.84 5.45 6.06 7.57 9.08
0017 64.35 1.61 2.57 3.22 3.86 4.50 5.15 5.79 6.43 8.04 9.65
0018 68.13 1.70 2.73 3.41 4.09 4.77 5.45 6.13 6.81 8.52 10.22
0019 71.92 1.80 2.88 3.60 4.31 5.03 5.75 6.47 7.19 8.99 10.79
0020 75.70 1.89 3.03 3.79 4.54 5.30 6.06 6.81 7.57 9.46 11.36
0030 113.55 2.84 4.54 5.68 6.81 7.95 9.08 10.22 11.36 14.19 17.03
0040 151.40 3.79 6.06 7.57 9.08 10.60 12.11 13.63 15.14 18.93 22.71
0050 189.25 4.73 7.57 9.46 11.36 13.25 15.14 17.03 18.93 23.66 28.39
0100 378.50 9.46 15.14 18.93 22.71 26.50 30.28 34.07 37.85 47.31 56.78
0200 757.00 18.93 30.28 37.85 45.42 52.99 60.56 68.13 75.70 94.63 113.55
0300 1135.50 28.39 45.42 56.78 68.13 79.49 90.84 102.20 113.55 141.94 170.33
0400 1514.00 37.85 60.56 75.70 90.84 105.98 121.12 136.26 151.40 189.25 227.10
0500 1892.50 47.31 75.70 94.63 113.55 132.48 151.40 170.33 189.25 236.56 283.88
1000 3785.00 94.63 151.40 189.25 227.10 264.95 302.80 340.65 378.50 473.13 567.75
10000 37850.00 946.25 1514.00 1892.50 2271.00 2649.50 3028.00 3406.50 3785.00 4731.25 5677.50
20000 75700.00 1892.50 3028.00 3785.00 4542.00 5299.00 6056.00 6813.00 7570.00 9462.50 11355.00

amg/L = ppm.



and typically reserved for collecting and/or sampling fish from
large bodies of water (e.g., ponds or lakes). A high-voltage, di-
rect current is applied to the water, and the fish within range that
have been shocked will float to the surface. This provides enough
time for fish to be processed (weighed, tagged, blood sampled,
etc.) before they are recovered and returned to the water un-
harmed.

Carbon Dioxide
The use of carbon dioxide to induce a state of narcosis is com-
mon in many aquatic facilities. Either gaseous carbon dioxide
can be bubbled into, or sodium bicarbonate dissolved in, the
water. Sodium bicarbonate requires an acidic pH for adequate
carbon dioxide release and thus may require the addition of
acidic agents to help lower the water pH. In general, this method
is reserved for transporting or culling large groups of fish and is
not routinely used for individual veterinary procedures.
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Introduction
The anesthetic management of a patient with cardiovascular dys-
function can be very challenging, because most preanesthetic and
anesthetic agents capable of depressing the central nervous sys-
tem can also produce cardiovascular depression. Patients with
cardiovascular dysfunction may be more prone to fluid overload
and dysrhythmias. Extremes in heart rate may cause severe prob-
lems, including heart failure. Patients with cardiovascular dys-
function may lack sufficient cardiac reserve to compensate for
anesthetic-induced depression. Because of the diversity of patho-
physiological conditions, no single anesthetic management tech-
nique or protocol can be recommended for all animals with car-
diovascular dysfunction.1 Appropriate patient monitoring with
arterial blood pressure, central venous pressure, electrocardio-
gram, end-tidal carbon dioxide, pulse oximetry, and other param-
eters is essential to reduce anesthetic and surgical risk.

Cardiovascular Physiology
The function of the myocardial cell is to contract and relax
rhythmically with other myofibers so that the heart will act as a
pump. The basic contractile unit of heart muscle is the sarcom-
ere, which is composed of interdigitating protein filaments of
actin and myosin. Muscle shortening begins in the myocardial
muscle when the actin and myosin filaments are activated. This
activation is regulated by tropomyosin and troponin. Tropomy-
osin prevents the interaction of actin and myosin during diastole.
When tropomyosin is no longer at its blocking position, systole
is initiated. The availability of ionized calcium in the area of 
the troponin-tropomyosin protein unit acts as an immediate cat-
alyst for the contraction-relaxation cycle. The contraction of 

the heart muscle depends on the amount of free calcium ions
available around the myofibril. Part of the contractile-dependent
calcium originates from superficial sites on cell membranes that
are in equilibrium with extracellular calcium and therefore 
can be affected by drugs that do not penetrate the myocardial
cell.

Few clinically used drugs affect the actin and myosin proteins,
but many drugs can alter the availability of calcium for activation
of the contractile process.1 Digitalis increases calcium movement
to the troponin-tropomyosin protein unit and thus increases con-
tractile strength. Barbiturates and inhalant anesthetic agents seem
to disrupt calcium movements and thus cause reduced contractile
strength. Myocardial intracellular acidosis also inhibits the bind-
ing of calcium to the troponin-tropomyosin unit, causing de-
creased myocardial contractile strength. Disease conditions or
drugs that produce metabolic or respiratory acidosis may de-
crease contractility. Most anesthetics depress respiration and pre-
dispose patients to respiratory acidosis.

Blood pressure is the product of peripheral vascular resistance
and cardiac output. Cardiac output is the product of heart rate and
stroke volume. Drugs that alter any or all of these parameters
may greatly affect blood pressure and tissue blood flow. Preanes-
thetic and anesthetic agents can alter vascular resistance (e.g.,
phenothiazine tranquilizers, �2-adrenergic agonists, barbiturates,
and inhalant agents), heart rate (e.g., opioids, �2-adrenergic ago-
nists, dissociative agents, and inhalants), and stroke volume (e.g.,
inhalant anesthetics). Patients that suffer from diseases causing
impaired cardiac output, patients with congenital heart disease,
and those suffering from hypotension, hypovolemia, anemia,
and/or heartworms are at a higher anesthetic risk.

Impaired Cardiac Output
Anesthetic management of patients with impaired cardiac output
depends greatly on the underlying pathology, which may require
echocardiography for accurate diagnosis. General guidelines are
to avoid bradycardia and tachycardia, decreased preload, and hy-
povolemia, as well as unnecessarily high left-atrial pressures and
volume overload. The decreased tolerance of these patients for
improper fluid therapy and anesthetic management emphasizes
the need for adequate perioperative monitoring and support.
These patients should be preoxygenated for 5 to 7 min prior to
anesthetic induction. If cardiovascular function is adequate, the
choice of anesthetic drugs may not be specific for these patients;
however, drugs that may produce tachycardia (anticholinergics
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and dissociative agents) or large changes in vascular resistance
should be used judiciously.

Narcotics are often used as preanesthetic medication because
of their minimal effects on the myocardium, and they can be
readily antagonized. Indeed, opioids are the mainstay of cardiac
anesthesia. Opioids tend to maintain, and may even indirectly
improve, myocardial function. They can be used in combination
with acepromazine or a benzodiazepine tranquilizer for addi-
tional sedation. Use of acepromazine may be contraindicated in
some forms of cardiovascular diseases (e.g., hypertrophic car-
diomyopathy) but may be beneficial in others (e.g., mitral valve
insufficiency) because of the potential for decreased afterload.
Opioids can increase vagal afferent activity, which may decrease
heart rate. If significant bradycardia occurs, atropine or glycopyr-
rolate should be given as needed.

If only tranquilization is needed, a low dose of acepromazine
(e.g., 0.02 mg/kg) may be administered intramuscularly. Acepro-
mazine decreases peripheral vascular resistance and very often
leads to arterial hypotension and reduced preload. Acepromazine
can have significant negative inotropic effects. Because of direct
myocardial depression, and prominent vasodilatation and hy-
potension, the value of inducing sedation/tranquilization must be
weighed against the potential adverse effects. Phenothiazines
must be used cautiously in most cardiac patients.2 If acepro-
mazine is administered, patients must be monitored closely and
appropriate supportive care used should adverse effects become
significant.

The use of �2-adrenergic agonists should be avoided in pa-
tients with impaired cardiac output. These drugs can produce sig-
nificant dysrhythmias, including severe sinus bradycardia and
sinoatrial and atrioventricular nodal blocks. Bradycardia, re-
duced contractility, and increased afterload are particularly dis-
advantageous effects of �2-adrenergic agonists in many cardiac
patients.2,3

Cardiomyopathy
Cardiomyopathy can be classified as hypertrophic or congestive.
Hypertrophic cardiomyopathy is characterized by ventricular
hypertrophy, decreased ventricular compliance, and impaired
ventricular filling, which result in reduced cardiac output. Ventri-
cular contractility (pump function) is usually not impaired.4 Con-
gestive (dilated) cardiomyopathy is characterized by marked
ventricular dilation, increased ventricular end-diastolic and sys-
tolic volumes, and poor myocardial contractility. Often, conges-
tive heart failure is present.4 Since most anesthetic drugs worsen
existing myocardial performance, to reduce the risk during the
perianesthetic period, treatment of cardiomyopathy is warranted
prior to anesthesia. Commonly employed cardiovascular medica-
tions used for treatment of congestive heart failure are listed in
Table 36.1. In dogs with dilated cardiomyopathy, anesthesia is
best induced with agents that have minimal direct myocardial de-
pressant effects. Etomidate or alphaxalone would be preferable
induction agents over either thiopental or propofol. The direct de-
pressant effects of ketamine on the myocardium may be clini-
cally significant if sympathetic nervous system efferent activity
is already maximal or exhausted. The lowest possible concentra-

tion of an inhalant should be used for maintenance of anesthesia.
Anesthesia is less depressing to myocardial performance when
an opioid is coadministered, resulting in lower inhalant anes-
thetic requirements.

Pericardial Tamponade and Constrictive
Pericarditis
These are associated with impaired cardiac output caused by re-
duced stroke volume secondary to reduced end-diastolic ventric-
ular volume. There is limited expansion of the cardiac chambers,
resulting in decreased ventricular filling such that heart rate must
increase to maintain cardiac output. Pulse pressure is usually de-
creased, and peripheral pulses may feel abnormal. Myocardial
contractility might not be impaired.5

Valvular Heart Disease
The heart contains four valves: mitral, tricuspid, aortic, and pul-
monary. Valve changes usually can be classified as insufficiency
or stenosis. Valvular heart disease is associated with impaired
cardiac output and, when severe, can cause congestive heart fail-
ure. When a murmur is asculted or valvular heart disease is
suspected, the preanesthetic evaluation should include thoracic
radiographs and possibly an echocardiogram in addition to the
routine preanesthetic screening. The value of these diagnostic
tests is to facilitate anesthetic planning and intraoperative re-
sponses to abnormal monitored parameters since the manage-
ment of valvular disease can vary significantly depending on
which valve (valves) is (are) affected.

Although both mitral and tricuspid insufficiencies are often
clinically insignificant, ventricular ejection fraction is reduced. It
is useful to maintain heart rate, maintain contractility, and avoid
arteriolar constriction.6 Antimuscarinics should be used con-
servatively, but lower doses of atropine or glycopyrrolate are
often used to inhibit anesthetic-associated bradycardia. �2-
Adrenergic agonists are contraindicated in patients with valvular
insufficiency, because they can affect heart rate and peripheral
vascular resistance. Opioids are a principle component of bal-
anced anesthesia for these patients and are generally chosen
based on analgesic and sedative requirements. If these patients
are stable, anesthesia may be induced with ketamine and di-
azepam or propofol. Less stable patients may be anesthetized by
induction with etomidate or high doses of opioids in combination
with a benzodiazepine. To avoid pronounced vasodilatation and
hypotension, lower doses of inhalants are used. Use of the in-
halants helps to prevent arteriolar vasoconstriction and increased
afterload. Fluid therapy should be conservative and based on
continual monitoring of central venous pressure and arterial
blood pressure. As with other aspects of anesthetic care, postop-
erative monitoring and support are individualized.

Hypertrophic Cardiomyopathy
This is the most commonly diagnosed cardiac disease of cats.7 An
inherited form of the disease has been identified in humans and in
Maine coon cats. Hypertrophic cardiomyopathy (HCM) is charac-
terized by a stiff left ventricle with poor diastolic function. As
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Table 36.1. Chronic therapy for congestive heart failure 

Effects on
Classes Trade Name Mechanism of Action Contractility Afterload Maintenance Dose

Nitrovasodilators
Na nitroprusside Nitropress Activation of EDRF or NO. These — d 2–5 µg/kg/min IV (monitor pressure)

drugs act as substrates for the CRI suggested
formation of NO. Nitroprusside Protect drug from light
is primarily an arterial dilator, 
whereas nitroglycerin is a 
venodilator.

Nitroglycerin Nitrostat; Preload-reducing agent. — d 1–5 µg/kg/min IV recommended only
Nitropaste for acute-care situations with con-

tinuous blood pressure monitoring.
Available in oral and transdermal
paste formulations, but oral is
rarely if ever used in animals.
Pastes are considered third-line
therapy. More likely to use oral hy-
dralazine acutely.

Dog: 1/4–1/2 inch/kg QOD
Cat: 1/8 inch/kg QOD

Isosorbide dinitrate Many formu- Formation of NO. — d 0.5–2.0 mg/kg PO, BID; also 
lations available as an ointment; uncom-
available monly used in animals

Hydralazine Apresoline Hydralazine interferes with Ca+2 — d Dog: 0.5–2.0 mg/kg PO, BID
transport in smooth muscle; acts Cat: not commonly recommended
as an afterload-reducing agent.

ACE inhibitors
Captopril Capoten Prevents conversion of angiotensin I — d This drug is rarely used in VM and is 

to angiotensin II, which decreases less reliable than are the other 
blood pressure and produces ACE I agents below.
some venodilation. Produces Dog: 0.5–2.0 PO, TID
balanced vasodilation, prevents Cat: the same
renal fluid retention, reverses 
cardiac fibrosis, and slows heart 
rate through decreased 
ß-adrenergic stimulation.

Enalpril Enacard — d Dog: 0.5 mg/kg PO, SID-BID
Cat: 0.25–0.5 mg/kg PO, SID-QOD

Benazepril Lotensin — d Dog: 0.25–0.5 mg/kg PO, SID-BID
Foretaker Cat: 0.25–0.5 mg/kg PO, SID

Lisinopril Zestril ACE I, as above for captopril d Dog: 0.5 mg/kg PO, SID
Prinivil Cat: 0.25 mg/kg PO, SID

Diuretics
Acetazolamide Inhibits Na+ from passing into the — d Dog: 10 mg/kg q 6 h

proximal tubule. The osmotic Rarely used in cardiovascular 
effect is at the glomerulus. medicine

Aminophylline Increases the vascular perfusion of c d Dog: 11 mg/kg PO, BID-TID
the glomerulus. Cat:  5 mg/kg PO, BID-TID

Spironolactone Aldactone Inhibits the aldosterone receptor in — d Dog: 0.25 mg/kg SID for preventing 
collecting tubule (CT). Prevention ACE escape. Higher dosages may 
of ACE escape is the principal be considered as a diuretic.
use of this agent now. Cat: the same

Furosemide Lasix Inhibits the Na+, K+, and CI�2 — d Dog: 1–4 mg/kg PO, SC, IM, IV, 
cotransporter in the thick SID-QID
ascending loop of Henle. Cat:1–2 mg/kg PO, SC, IM, IV, 

SID-QID
(continued)
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Table 36.1. Chronic therapy for congestive heart failure (continued)

Effects on
Classes Trade Name Mechanism of Action Contractility Afterload Maintenance Dose

Hydrochlorothiazide Hydrodiuril Blocks resorption in the distal — d Dog: 2–4 mg/kg PO, SID-BID
convoluted tubule by inhibiting Cat: 1–2 mg/kg PO, SID-BID
the Na+ and CT cotransporter.

Inotropes
Digitalis Cardoxin; Inactivates the Na+/K+ ATPase c c Dog: 0.005–0.008 mg/kg PO, BID in 

Lanoxin pump, increasing Ca+2 smaller dogs and 0.22 mg/m2 ; also 
intracellularly. twice daily in larger dogs

Cat: 1/4 to 1/2 0.125-mg tablet PO q 
48–72 h, based on size and 
clinical response

T3 Tristat Increases Ca+2 adenosine ATPase c — Not likely to be used and not a 
activity; upregulates beta- primary inotrope but may be part 
receptor activity. of the protocol along with tradi-

tional agents in the event of a low
thyroid value

“Inodilators”
Amrinone Inocor Class III phosphodiesterase enzyme c d 1–3 mg/kg IV slow to effect, then

inhibitors (PDEIs)  prevent break- CRI at 10–100 µg/kg/min
down of cAMP, which results from 
the stimulation of ß-adrenergic 
receptors.

Milrinone Primacor c d 1–3 mg/kg/min IV slow, then CRI at 
10–100 µg/kg/min to effect

Pimobendan Vetmedin Ca+2 sensitization and PDE c d Dogs: 0.3–0.6 mg/kg PO, SID
inhibition. Cats: not known if applicable

Beta blockers
Metoprolol Lopressor; Upregulates damaged beta sites; d Dogs: 0.25–1.0 mg/kg PO BID-TID; 

Toprol XL reduces the adrenergic barrage; begin low and titrate upwards 
slows the cardiac rate. slowly.

Cats: very low dosages used usually 
for heart rate control and not CHF

Carvedilol Coreg Beta-blocking agent and peripheral c d Dogs: 0.05 mg/kg PO initially once 
vasodilator (blocks ß1, ß2, and �1). daily: slowly titrate weekly to max-

imum 0.3 mg/kg

ACE, angiotensin-converting enzyme; CRI, constant-rate infusion; EDRF, endothelium-derived relaxing factor; IV, intravenous; NO, nitric oxide;  PO, per 
os (orally); and SC, subcutaneously.
This table enlists a variety of classes of medications including digitalis, “inodilators,” vasodilators, ACE inhibitors, and diuretics. Dosages taken from
Textbook of Veterinary Internal Medicine, 6th ed.16

ventricular wall thickness increases, end-diastolic volume and
ventricular function are decreased. Congestive heart failure devel-
ops as ventricular stiffness increases, end-diastolic ventricular
volume decreases, and mitral regurgitation and hypertension de-
velop. Early HCM is often asymptomatic. Signs of progressive
HCM (murmurs, arrhythmias, dyspnea, and thromboembolic dis-
ease) are consistent with the development of heart failure. Sudden
death during the stresses of hospitalization, anesthesia, and med-
ical or surgical procedures can occur with more advanced HCM.

For patients with early signs of cardiomyopathy, anesthesia
can be induced by using propofol, etomidate, or a neuroleptanal-
gesic combination. Mask induction using one of the potent
volatile inhalant anesthetics is also an acceptable technique, al-
though the stress of induction may be detrimental to patients with

impaired cardiac function. Inhalant anesthetics are most often the
maintenance agents for these patients. Isoflurane is one of the
preferred inhalants because of preservation of a near-normal car-
diac index and minimal dysrhythmic effects in healthy animals,
when compared with the effects of halothane. However, in ani-
mals with diastolic dysfunction (e.g., HCM) isoflurane may be
associated with reduced preload and afterload leading to reduced
end-diastolic ventricular volume and increased end-systolic ven-
tricular to aortic pressure gradients when dynamic outflow-tract
obstruction is present. Sevoflurane minimally reduces cardiac
output and is associated with less vasodilation than is isoflurane
at typical anesthetic doses in healthy animals. Animals may
maintain a lower heart rate when anesthetized with sevoflurane
than with isoflurane, although preanesthetic drugs may alter the



cardiovascular responses to inhalant anesthetics. Based on the
lower blood solubility and reduced pungency, sevoflurane may
provide for a less stressful inhalant induction compared with ei-
ther halothane or isoflurane. When a lower heart rate is desired
(e.g., for cats with HCM), sevoflurane may be preferred over
isoflurane.8 Among the injectable general anesthetics, etomidate
is unique in maintaining cardiac output without increasing my-
ocardial oxygen consumption.

Congenital Heart Disease
When considering the anesthetic management of patients with
congenital heart disease, the problems encountered are often sim-
ilar to those in patients with congestive heart failure. The most
common surgically correctable problems are patent ductus arte-
riosus (PDA) and persistent right aortic arch (PRAA).

PDA is usually recognized early in life before patients develop
signs of heart failure. Typically, if diagnosed early, shunt blood
flow is from the systemic circulation to the pulmonary artery
(left-to-right shunt). However, when systemic vascular resistance
decreases after induction of anesthesia, shunt flow may reverse,
especially when significant pulmonary hypertension is present.
Pulse oximetry is useful for rapid detection (rapid reduction in
arterial hemoglobin saturation) of this reversion to a right-to-left
shunt. Phenylephrine can be useful in this situation to increase
systemic pressure and reestablish left-to-right flow. If the patient
is normal in other respects, the anesthetic protocol is designed for
the pediatric patient undergoing a thoracotomy with attention to-
ward maintaining heart rate and cardiac output. Surgical manip-
ulation around the heart may cause ventricular ectopic beats.
These are usually transitory and do not require treatment. When
the PDA is ligated, increased blood pressure may cause a reflex
slowing of the heart rate. This is a normal physiological re-
sponse.8 In some instances, antimuscarinic drugs (e.g., atropine
or glycopyrrolate) may be needed to counteract the sinus brady-
cardia. To minimize the potential for bradycardia, an anticholin-
ergic may be administered as a preanesthetic medication. Be-
cause of the size of some patients, intraoperative hypothermia is
often a problem when they undergo PDA surgery. Every effort
should be made to minimize the loss of body heat.

PRAA is also usually recognized and corrected early in life. If
a patient is normal in other respects, the anesthetic protocol is de-
signed for the pediatric patient undergoing a thoracotomy. It is
important to remember that a patient with PRAA may be suffer-
ing from aspiration pneumonia. As with a PDA, surgical manip-
ulation around the heart may cause ventricular ectopic beats, and
intraoperative hypothermia is of concern.

Hypotension, Hypovolemia, or Shock
Patients with hypotension and hypovolemia should be stabilized
with intravenous fluids and/or whole blood prior to anesthesia.
Many preanesthetic and anesthetic drugs are potentially hypoten-
sive; therefore, these drugs can exacerbate preexisting hypo-
tension.

Shock can be defined as an acute clinical syndrome character-

ized by progressive circulatory failure that leads to inadequate
capillary perfusion and cellular hypoxia.9 Shock is a complex,
multisystem disorder that may be caused by a variety of insults.
Shock may be classified as hypovolemic, cardiogenic, or vascu-
logenic. If one thinks of the cardiovascular system as a pump,
fluid, and pipes to carry the fluid, then the three classifications
reflect which component of the cardiovascular system is affected.

Hypovolemic shock occurs when there is an inadequate vol-
ume of fluid (blood) being pumped through the cardiovascular
system. Hemorrhage, fluid loss, and trauma can all cause hypo-
volemic shock.

Cardiogenic shock, which occurs when the heart is no longer
an effective pump, can be caused by a failure in ventricular fill-
ing (cardiac tamponade, tension pneumothorax, or collapse of
the vena cava caused by inadvertent closure of the pop-off valve,
resulting in airway pressure buildup) or by a failure of ventricu-
lar ejection (ruptured chordae tendineae, cardiac dysrhythmias,
severe myocardial depression, or severe and prolonged increase
in systemic vascular resistance).

Vasculogenic shock occurs when there are changes in venous
capacitance or peripheral resistance. Numerous causes can lead
to vasculogenic shock, including sepsis (vasodilation is caused
by release of vasoactive substances such as histamine, prosta-
glandins, and bradykinin), anaphylaxis (vasodilation occurs be-
cause of histamine release), neurogenic factors (loss of vasomo-
tor tone caused by excessive general anesthesia, trauma of the
central nervous system, and spinal anesthesia), and a severe and
prolonged increase in peripheral resistance.

Regardless of the underlying cause, a common pathway of cir-
culatory failure is present in shock. Reflex mechanisms may
compensate for early circulatory failure and result in recovery of
a patient with mild or moderate shock. However, reflexive com-
pensatory mechanisms may become deleterious to a patient if
they are prolonged and may result in microcirculatory changes
and further cellular hypoxia.

All forms of shock eventually result in decreased blood flow
and hypoperfusion of the body tissues. Baroreceptors in the aorta
and carotid artery and low-pressure receptors in the atria respond
to the decreased cardiac output and blood pressure. This results
in activation of the sympathoadrenal system. Hypothalamic sym-
pathetic nerve centers increase release of norepinephrine from
postganglionic sympathetic nerve endings and increase liberation
of epinephrine and norepinephrine from the adrenal medulla into
the blood. This results in splenic contraction and a release of
blood into the circulation. Epinephrine and norepinephrine stim-
ulate alpha and beta receptors. Alpha-receptor stimulation results
in vasoconstriction of both arteries and veins. Beta-receptor stim-
ulation causes vasodilation in skeletal muscle and increased force
and rate of cardiac contraction. This results in a redistribution of
blood flow to the heart and brain. Blood flow to the splanchnic,
renal, and cutaneous vessels is markedly decreased. The cate-
cholamines produce tachycardia, increase myocardial contractil-
ity, and stimulate hepatic glycogenolysis. Venous constriction
causes decreased vascular capacity. The decreased vascular ca-
pacity improves venous return and thus cardiac output.

An important compensatory mechanism in shock is the ex-
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travascular fluid shift. Owing to vasoconstriction, there is de-
creased capillary blood flow and thus capillary pressure. The de-
creased capillary pressure allows extravascular fluid to enter the
blood vessels. This is very important in expanding circulating
fluid volume. Endocrine factors are also important in the com-
pensatory mechanism of shock. Renin is released from the is-
chemic kidney to activate the renin-angiotensin-aldosterone sys-
tem. This results in vascular constriction; renal absorption of
sodium, chloride, and water; and renal excretion of potassium.
Antidiuretic hormone is released because of hypovolemia, and
this also promotes water retention. The overall effect is to in-
crease extracellular fluid volume.

These compensatory mechanisms cause a significant redistri-
bution of blood flow to the heart, brain, and adrenal glands, and
may aid recovery of patients in mild to moderate shock. How-
ever, they may not be adequate in severe shock, and it may be-
come irreversible. Irreversibility is characterized by inadequate
tissue perfusion to vital organs that results in cardiac failure, dis-
seminated intravascular coagulation, depression of the reticu-
loendothelial system, and peripheral vascular failure. Hypoten-
sion and decreased capillary perfusion lead to cellular hypoxia,
decreased delivery of energy substrates to the cell, and increased
concentration of cellular metabolites.

Glucose is first used anaerobically by the cells as an energy
source with production of pyruvate and limited amounts of
adenosine triphosphate (ATP). Pyruvate is then aerobically uti-
lized to produce large amounts of ATP, or it may be released into
the circulation after being reduced to lactic acid. Large amounts
of oxygen are needed by cells to produce the ATP. In shock, cel-
lular hypoxia occurs, and although ATP can be produced anaero-
bically, it may not be produced in adequate amounts.9 The estab-
lishment of membrane ionic gradients depends on adequate ATP
generation. Cellular edema may result if ionic gradients are not
maintained. The lactic acidemia that occurs in shock results from
the release of anaerobic energy in tissues unable to support ade-
quate oxidative processes. Individual cells and then organs begin
to die.

Increased cellular metabolites (lactic acid) in the capillary bed
cause precapillary sphincters to relax, but postcapillary sphinc-
ters remain constricted. Blood flows into the capillary bed but is
slow to leave, resulting in an increased hydrostatic pressure with
net flow into the tissues and further volume deficits. Decreased
perfusion of the splanchnic vasculature results in pancreatic is-
chemia and the release of myocardial depressant factor. Myo-
cardial depressant factor decreases myocardial contractility.10

Splanchnic vasoconstriction and decreased capillary perfusion
depress the reticuloendothelial system in the spleen and liver.
With impaired function of the reticuloendothelial system, endo-
toxins, bacteria, and microemboli accumulate and produce fur-
ther circulatory failure. Slow-moving (stagnant) acidic blood is
hypercoagulable. Clot-initiating factors are common in shock
and include bacterial toxins and thromboplastin of red cells
(released by hemolysis).11 These factors result in disseminated
intravascular coagulation, which results in a consumption of clot-
ting factors, bleeding, and focal tissue infarcts due to micro-
thrombi. Multiorgan failure (multiorgan dysfunction syndrome)

occurs, and the patient dies. Induction of anesthesia in patients
with any level of shock is ill-advised.

Anemia
Anemic patients are at higher risk from an anesthetic standpoint
because the oxygen-carrying capacity of the cardiovascular sys-
tem is diminished. Either packed red blood cells, whole blood, or
hemoglobin-based oxygen-carrying solutions should be consid-
ered if the dog or cat has a packed cell volume (PCV) of less than
25% to 30% before surgery or less than 20% after surgery.
Patients with chronic anemia seem to be able to cope better with
the problem than those with acute anemia. Whole blood, packed
red blood cells, or a hemoglobin-based oxygen-carrying solution
(e.g., Oxyglobin) should be readily available. The rate and total
amount of blood administered should be tailored to the require-
ments of the patient. Patients with acute blood loss and hypov-
olemia can usually tolerate faster rates of colloid administration
than can normovolemic patients that are anemic.

Anemic and/or hypoproteinemic patients should have serial
PCV and total plasma protein concentration measurements dur-
ing and after surgery. If an animal is anemic, supplemental oxy-
gen may be beneficial in the preanesthetic period as well as the
postoperative period to maintain maximal hemoglobin satura-
tion. Although dissolved oxygen content is very minor compared
with hemoglobin-bound oxygen content, a high inspired oxygen
tension will enable more oxygen to be dissolved into the plasma
and thus help counteract the decreased oxygen-carrying capacity
due to low red blood cell numbers. A mask, nasal catheter, or
oxygen cage can be used to deliver 40% to 100% oxygen to
patients.

A pulse oximeter should be used during anesthesia and during
recovery when patients are anemic. One of the periods of great-
est risk for anemic patients is when anesthesia is discontinued
and the fraction of inspired oxygen suddenly decreases from near
1.0 to 0.21 (room air) in the presence of anesthetic drug-related
respiratory depression. In addition, as a hypothermic patient re-
covers, shivering will occur, dramatically increasing oxygen de-
mands. Since approximately 5 g/dL of desaturated hemoglobin is
needed for visible cyanosis to develop, anemic patients (PCV
less than 15%) would not be expected to appear cyanotic even
though hemoglobin oxygenation is dangerously low. Pulse
oximeters are more sensitive at detecting hemoglobin desatura-
tion in anemic patients, although a particular model’s accuracy
under these conditions may vary.

Hypoproteinemia
Many preanesthetic and anesthetic drugs are reversibly bound to
plasma proteins, especially albumin. If plasma protein concentra-
tion is decreased, a greater fraction of highly protein-bound drug
(i.e., protein binding in excess of 80%) is pharmacologically ac-
tive and therefore will have an increased effect. Plasma protein,
primarily albumin, is also required to maintain plasma oncotic
pressure. Hypoalbuminemic patients are less tolerant of crystal-
loid fluid administration and more prone to volume overload and



pulmonary edema. Total plasma protein concentration should be
maintained above 3.5 to 4.0 g/dL. If the plasma protein concen-
tration falls below this number, the administration of plasma or
colloidal fluid substitutes should be considered.

Heartworm Disease
A positive heartworm test in itself does not contraindicate any
particular anesthetic regimen or protocol. If the patient is not ex-
hibiting clinical signs, any standard anesthetic protocol is proba-
bly satisfactory, provided patient monitoring is appropriate. One
should be aware that patients with heartworms may be more
prone to spontaneous and catecholamine-induced cardiac dys-
rhythmias while under anesthesia.12 Additionally, pulmonary hy-
pertension and/or pulmonary embolic disease may be present, af-
fecting pulmonary and cardiovascular function. If a significant
number of heartworms are present, cardiac output may also be
decreased.

Cardiac Dysrhythmias
Ventricular dysrhythmia is relatively common in dogs and cats
during anesthesia, and its incidence is increased with certain
anesthetics (e.g., halothane) and diseases (e.g., splenic neopla-
sia). Arrhythmia is more common with inappropriate levels of in-
halant anesthetics.13–15 Ventricular tachyarrhythmia can be re-
solved through use of antiarrhythmics (typically lidocaine or
sotalol), by providing deeper anesthesia if the patient is inade-
quately anesthetized, or by changing to a less arrhythmogenic
anesthetic (e.g., changing from halothane to isoflurane).
Catecholamine-induced arrhythmia may be more common dur-
ing illness, after injury, and with other stressors.
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Introduction
Patients with pulmonary dysfunction are often difficult to anes-
thetize safely. Most preanesthetic and anesthetic drugs depress
respiratory function, further compromising patients with pul-
monary disease and/or dysfunction. Knowledge of normal respi-
ratory physiology and effective techniques for respiratory sup-
port is essential to provide favorable anesthetic outcomes.

Physiology of Ventilation
The primary function of the lungs is to exhale carbon dioxide
generated by body metabolism and oxygenate venous blood.
Alveolar ventilation can be assessed by measuring arterial carbon
dioxide partial pressure (PaCO2) or end-tidal carbon dioxide par-
tial pressure (ETCO2). Many factors can alter the ventilatory pat-
tern (Table 37.1): (a) arterial carbon dioxide tension, (b) arterial
pH, (c) arterial oxygen tension, (d) pulmonary stretch and upper
airway receptors, (e) thermoregulation, (f) sensory input, and (g)
emotional factors.1 No conscious control is necessary to sustain
ventilation.

The ventilatory control system is an integrated series of com-
plex feedback loops made up of sensors, controllers, and effec-
tors. The principal ventilatory receptors or sensors are (a) the pe-
ripheral carotid-body chemoreceptors (located at the bifurcations
of the carotid arteries), (b) the central chemoreceptors (located
near the surface on the ventrolateral aspect of the medulla oblon-
gata), and (c) receptors sensing stretch, irritation, and proprio-
ception in the lungs, airways, and muscles of respiration. The
carotid-body chemoreceptors are responsive to oxygen and stim-
ulate respiration when hypoxemia is present. The central
chemoreceptors respond to carbon dioxide and stimulate ventila-
tion when hypercarbia (respiratory acidosis) is present. Increased
ventilation caused by metabolic acidosis may be mediated
through either the central or peripheral chemoreceptors or the
controllers of the ventilatory feedback loop located in the brain.2

Automaticity of breathing is governed by specialized regions in
the brain stem. The cortex controls voluntary and behavioral
modifications of ventilation, and respiratory rhythm is controlled

by the medulla. Control functions are integrated both centrally
(brain stem) and peripherally (spinal cord). The effectors of ven-
tilation are the muscles of respiration and include the intercostal
muscles, the diaphragm, and the muscles of the upper airways.

Many preanesthetic and anesthetic agents can alter a patient’s
ventilatory pattern. Most preanesthetic and anesthetic agents
alter ventilation by altering either the threshold or sensitivity of
the respiratory centers to carbon dioxide and/or by relaxing the
muscles of ventilation.3

Effects of Preanesthetic and
Anesthetic Drugs on Ventilation
Most preanesthetic and anesthetic drugs depress respiratory func-
tion, thereby further jeopardizing a patient with respiratory dys-
function. Drugs depress or stimulate ventilation by acting directly
or indirectly on one or more of the elements of the ventilatory
control system.4 Drugs used to treat respiratory disease may have
significant interactions with anesthetics and anesthetic adjuncts.5

Atropine and glycopyrrolate decrease airway resistance by
causing direct dilation of the airways. Atropine also increases
respiratory dead space by dilating the larger bronchi. Both drugs
will increase the viscosity of airway secretions.

Phenothiazine tranquilizers have minimal effects on ventila-
tion at therapeutic doses, although large doses can depress venti-
lation. They decrease respiratory rate, but this is usually compen-
sated for by an increase in tidal volume. Phenothiazines do not
delay the central respiratory center response (threshold) to in-
creases in arterial carbon dioxide, although the maximum venti-
latory response (sensitivity) may be decreased.3

The �2-adrenergic agonists (e.g., xylazine, detomidine, and
medetomidine) vary in their pulmonary depressant effects and
are somewhat unpredictable. Their depressant effects may range
from mild to significant, depending on dose and individual pa-
tient response.6 As with all general central nervous system (CNS)
depressants, this effect is more pronounced in patients already
suffering from respiratory distress caused by pneumonia, hy-
drothorax, or pneumothorax. When used in higher doses, �2-
adrenergic agonists may cause mucous membrane color to
darken or appear cyanotic. Whereas cyanotic mucous membranes
are normally interpreted as arterial hypoxemia and severe respi-
ratory insufficiency, with �2-adrenergic agonists the mechanism
(and significance) is different. Arterial oxygen partial pressure is
usually normal or near normal in these patients. The origin of the
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increased concentration of desaturated hemoglobin in the mucous
membranes is increased oxygen extraction during capillary transit
rather than arterial hypoxemia. Oxygen extraction increases due
to decreased tissue blood flow and increased capillary transit
time. Vital organ blood flow (e.g., in the kidney, liver, and brain)
may not decrease to the same extent as flow to superficial tissues
(e.g., skin, mucous membranes, and skeletal muscle); therefore,
the degree of darkening of the mucous membranes may not rep-
resent vital organ hypoxia. When �2-adrenergic agonists are ad-
ministered, the term cyanosis may not accurately reflect the true
physiological status of the patient.

The benzodiazepine tranquilizers (diazepam and midazolam)
usually produce minimal respiratory depression at therapeutic
doses. However, both drugs have produced significant respiratory
depression in isolated cases. This may be especially true when
higher doses are administered intravenously.

Opioids are potentially respiratory depressant. The depression
is drug and dose dependent, and may occur at doses that do not
produce marked CNS depression or analgesia. The opioids di-
rectly depress the pontine and medullary centers, causing a de-
crease in respiratory rate and tidal volume. They also produce a
delayed response (altered threshold) and a decreased response
(altered sensitivity) to increases in arterial carbon dioxide.3 The
panting observed in some dogs after opioid administration (e.g.,
hydromorphone or oxymorphone) may be caused by an initial
stimulation of the respiratory centers and/or alteration of the
thermoregulation center.

The barbiturates are respiratory depressants. At anesthetizing
doses, the respiratory centers of the brain are depressed. The bar-
biturates can depress both the respiratory rate and tidal volume,
and thus minute ventilation. Barbiturates also produce a delayed
response (altered threshold) and a decreased response (altered
sensitivity) to increases in arterial carbon dioxide and depress the
carotid-aortic chemoreceptors.

Dissociative anesthetics (ketamine and tiletamine) may have a
dual effect on ventilation. They may affect ventilation at two or
more anatomical sites, causing stimulation at one and depression
at another. Both drugs can produce apneustic ventilation; that is,
a ventilatory pattern characterized by a prolonged pause after in-
spiration. Although the respiratory rate may decrease, the tidal
volume usually remains normal. In general, these respiratory al-
terations do not affect gas exchange or transport of gases to and
from the lungs. However, in some patients, the dissociative
agents can produce marked hypoxia and hypercarbia, especially
when additional CNS-depressant drugs, such as tranquilizers,

sedatives, or opioids, are used in combination with them. Disso-
ciative agents do not depress the pharyngeal or laryngeal re-
flexes, and they may be activated with stimulation. Therefore, pa-
tients may be more prone to laryngospasm, bronchospasm, and
coughing. Dissociative agents increase salivation and respiratory
secretions, sometimes resulting in aspiration and respiratory ob-
struction. For this reason, the use of an antimuscarinic in combi-
nation with these drugs may be indicated.

Propofol is an injectable anesthetic that produces respiratory
depression in much the same manner as the barbiturates. The in-
cidence of apnea with propofol is comparable to that with barbi-
turates, but the duration of apneic episodes may be slightly
longer. Etomidate is a carboxylated imidazole that can produce
mild to moderate dose-dependent respiratory depression. Apnea
following administration of propofol or etomidate can usually be
avoided by limiting the rate of administration to achieve tracheal
intubation.

The inhalant anesthetics halothane, isoflurane, sevoflurane,
and desflurane depress ventilation by decreasing tidal volume.
These anesthetics typically increase respiratory rate but not ade-
quately to compensate for the decrease in tidal volume. Potent in-
halation anesthetics increase the set point at which arterial car-
bon dioxide initiates spontaneous ventilation (i.e., the apneic
threshold). The degree of elevation in apneic threshold is directly
related to the depth of anesthesia. Inhaled anesthetics decrease
the slope of the carbon dioxide response curve. There is both a
delayed response (altered threshold) and a decreased response
(altered sensitivity) to increases in arterial carbon dioxide.
Inhaled anesthetics also depress the ventilatory response to hy-
poxemia, and the interaction between hypoxemia and hypercar-
bia in stimulating ventilation is greatly attenuated or eliminated
by even moderate concentrations of these agents.

Nitrous oxide induces minimal respiratory depression.
However, because of its low potency requiring high inspired con-
centrations and to prevent hypoxemia, this agent should be used
cautiously, if at all, in patients with pulmonary dysfunction.

Anesthetic Considerations in Patients
with Respiratory Dysfunction
Patients with pulmonary dysfunction may lack the ability to ex-
pand their lungs properly (extrapulmonary dysfunction) and/or
may have impairment of oxygen and carbon dioxide transfer
across the alveolar membranes (intrapulmonary dysfunction).
Examples of extrapulmonary dysfunction include diaphragmatic
hernia, pneumothorax, hydrothorax, space-occupying lesions of
the thorax, flail chest, and any condition that restricts chest wall
expansion. Examples of intrapulmonary dysfunction include
pneumonia, pulmonary edema, intrapulmonary hemorrhage
(contusions), atelectasis, interstitial disease, and upper-airway,
tracheal, or bronchial obstruction.

Patients with respiratory dysfunction can be placed in one of
four categories:

Category I: Dyspnea does not occur with exertion.
Category II: Dyspnea occurs with moderate exertion.

900 ● Anesthesia and Analgesia of Patients with Specific Disease

Table 37.1. Factors affecting the ventilatory pattern

Arterial carbon dioxide tension
Arterial pH
Arterial oxygen tension
Pulmonary stretch and upper-airway receptors
Heat regulation
Sensory input
Emotional factors



Category III: Dyspnea occurs with mild exertion.
Category IV: Dyspnea occurs at rest.

Patients in categories III and IV are at higher anesthetic risk. A
thorough preanesthetic evaluation should be done on all patients
with respiratory dysfunction. The thorax should be physically ex-
amined, and thoracic radiographs should be taken if the patient
can tolerate handling and positioning without experiencing dis-
tress. Radiographs are valuable for arriving at a diagnosis, but the
magnitude of the functional impairment is best measured with ar-
terial blood-gas analysis. An ECG, arterial blood-gas analysis,
baseline complete blood count, serum biochemistry panel, and
serum electrolyte concentrations should be obtained.

Blood-gas analysis on an arterial sample obtained while the
patient is breathing a low fraction of inspired oxygen (FiO2), such
as room air (FiO2 = 0.21), and a high FiO2 is used by some to as-
sess the ability of supplemental oxygen to improve arterial par-
tial pressure of oxygen and calculate a pulmonary shunt fraction
before administering anesthetic drugs. The oxygen partial pres-
sure (PaO2)-FiO2 ratio is a simple way to quantify the ability to
oxygenate at different levels of FiO2. Dividing the value for PaO2
by the decimal value of FiO2 yields the ratio. A normal ratio is
500 (i.e., PaO2 of 100 mm Hg divided by FiO2 of 0.21). A PaO2-
FiO2 ratio of 300 to 500 is consistent with mild disease, whereas
a value of 200 represents significant pathology. This value is less
accurate than the traditional alveolar-arterial gradients because it
does not reflect the influence of PCO2.

7 If a patient experiences
cyanosis or respiratory distress when breathing a low FiO2, sup-
plemental oxygen should not be withheld to obtain a measure-
ment that can be estimated using an arterial sample collected dur-
ing oxygen supplementation (e.g., alveolar-arterial gradient).

If possible, surgery and anesthesia should be delayed in pa-
tients with pneumonia, pulmonary edema, lung contusions, at-
electasis, pneumothorax, and/or hydrothorax to allow time for
these problems to be addressed and the condition of the patient
to improve. A thoracentesis should be done in patients with mod-
erate to severe pneumothorax or hydrothorax prior to anesthesia,
and in some cases a chest tube may be needed.

Patients with respiratory dysfunction should be preoxygenated
for 5 to 7 min prior to anesthetic induction.8 A mask, nasal
catheter, or oxygen chamber may be used. Supplemental oxygen
should be immediately available both preoperatively and post-
operatively.

Mild preanesthetic sedation may be necessary to enable the
patient to be handled without causing stress and exacerbating
dysfunction. Preanesthetic drugs that induce minimal respiratory
depression should be considered. Several preanesthetic drugs or
combinations may be used, such as the combination of acepro-
mazine and butorphanol. Acepromazine is a phenothiazine deriv-
ative tranquilizer that produces minimal respiratory depression,
especially in low doses. Butorphanol is a synthetic, opioid ago-
nist-antagonist. Butorphanol can produce a dose-related respira-
tory depression similar to morphine; however, butorphanol seems
to reach a ceiling beyond which higher doses do not cause signif-
icantly more depression.

After a patient has been sedated, rapid induction of anesthesia

may be needed to gain quick control of the airway to enable pos-
itive pressure ventilation. Rapid anesthetic induction may be ac-
complished by intravenous administration of thiopental, propo-
fol, etomidate, or ketamine. A rapid mask induction using
desflurane, isoflurane, or sevoflurane may be used; however, be-
cause of the patient’s inability to ventilate properly, this tech-
nique may result in delayed anesthetic induction and excessive
struggling. Whichever induction technique is used, the trachea
must be intubated rapidly and accurately.

Anesthesia is best maintained with an inhalant anesthetic and
controlled or positive pressure ventilation. Nitrous oxide should
be used with care in patients with respiratory dysfunction. It can
increase the severity of a pneumothorax, and it should be discon-
tinued if cyanosis is evident. Even if a patient with respiratory
compromise seems to have adequate spontaneous ventilation, as-
sisted or controlled ventilation is desirable unless a resolving
pneumothorax is present and the patient’s PaCO2 and PaO2 can
be maintained at an acceptable level with spontaneous ventila-
tion. High airway pressures from positive pressure ventilation in
these patients may result in rapid development of a tension pneu-
mothorax that requires immediate thoracentesis. Pulse oximetry,
ETCO2, and arterial blood-gas monitoring should be used to
monitor respiratory status in these patients.

Controlled Ventilation
In spontaneously ventilating patients, the respiratory muscles
increase the size of the thoracic cavity, the volume within it in-
creases, and the pressure in the thorax falls. Thus, the intrapul-
monary pressure falls, and the difference between the intra-
pleural pressure and alveolar pressure overcomes the elasticity of
the lungs while the difference between the alveolar pressure and
the pressure at the oral-pharyngeal area overcomes the airway re-
sistance. There is a great difference between the intrapleural and
alveolar pressures, and a small difference between the oral-
pharyngeal pressure and airway resistance. The net effect is
movement of air into the alveoli from the upper airway.

In contrast, controlled ventilation is usually positive pressure
ventilation. Air is forced into the alveoli under pressure.
Intrapleural pressure and intrapulmonary pressure increase dur-
ing controlled ventilation. Controlled ventilation may be pro-
vided manually (by squeezing the rebreathing bag) or mechani-
cally (using a ventilator).

One of three methods can be used to control a patient’s venti-
lation and take over ventilatory effort: The patient can be hyper-
ventilated to decrease the arterial carbon dioxide levels and de-
crease the stimulus for ventilation; the patient’s anesthetic level
can be increased (deepened); or the patient can be paralyzed by
using peripherally acting muscle relaxants. Of the three methods,
hyperventilating the patient (i.e., manually or mechanically in-
creasing the patient’s respiratory rate and depth) is the easiest and
is usually quite effective.

Five components can be adjusted in the ventilatory cycle dur-
ing controlled ventilation (Table 37.2): (a) peak airway pressure,
(b) mean airway pressure, (c) length of inspiratory phase, (d)
length of expiratory phase, and (e) the inspiratory-expiratory
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ratio. Peak airway pressures are measured by a pressure
manometer in the anesthesia circuit. Peak airway pressures of 15
to 20 cm water are necessary to overcome lung resistance to ex-
pansion in dogs and larger species. In cats, slightly higher pres-
sures may be needed. Decreased lung compliance will increase
the peak airway pressures needed to expand the lungs. An in-
crease in airway resistance will increase the peak airway pressure
needed to expand the lungs.

The mean airway pressure is the average pressure generated
during the inspiratory and expiratory phases of positive pressure
ventilation. Mean airway pressure should be kept low by mini-
mizing the duration of positive airway pressure. Mean airway
pressure most closely correlates with decreases in cardiac output.

To produce minimal cardiovascular alteration, the inspiratory
phase should be shorter than the expiratory phase. Typically, the
inspiratory phase should last 1 to 1.5 s. Prolonged holding of the
tidal volume at peak airway pressure will not increase tidal ex-
change but will increase mean airway pressure and intrathoracic
pressure, thereby decreasing venous return and cardiac output.
The expiratory phase should begin as soon as the inspiratory
phase is complete. The increased pressure within the lung must
be allowed to return to 0 cm water pressure as soon as possible
to prevent this preload impairment. The inspiratory-expiratory (I-
E) ratio is very important during controlled or positive pressure
ventilation. The inspiratory phase should be at least one-third and
no more than one-half of the total ventilatory cycle. An I-E ratio
of 1:2 or 1:3 will help provide an adequate period for proper car-
diac filling. A 1:2 ratio will provide for a ventilatory rate of ap-
proximately 20 cycles per minute. A 1:3 or 1:4 ratio provides for
a rate of 15 or 12 breaths per minute, respectively.

Although controlled or positive pressure ventilation is usually
safe and effective, if it is done improperly, harmful side effects
can occur.9,10 As already described, interference with cardiac
output can occur during controlled or positive pressure ventila-
tion. During spontaneous ventilation, the intrapleural pressure at
the height of inspiration is approximately a negative 8 to 10 cm
water. This augments the movement of blood in the great veins
into the chest (thoracic pump). However, during controlled or
positive pressure ventilation, the intrapulmonary pressure in-
creases and may reach plus 3 to 5 cm water pressure. Only dur-
ing expiration is the intrapulmonary pressure the same in sponta-
neous ventilation and controlled ventilation. Increased alveolar
pressure will also decrease pulmonary blood flow. This is why
maintenance of proper peak and mean airway pressures and a
proper I-E ratio is critical during ventilatory support of anes-
thetized patients.

Lung damage or volutrauma is a potential complication during
positive pressure ventilation. Volutrauma (e.g., overextension or
expansion of the lung tissue by excessive pressure) can range
from mild trauma producing minimal alveolar hemorrhage to se-
vere trauma producing airway rupture and a tension pneumotho-
rax. Maintaining proper peak and mean airway pressures will
help minimize pulmonary trauma.11 A major airway blowout that
occurs during positive pressure ventilation is often caused by ex-
cessive peak airway pressures and/or preexisting lung pathology.
Vigilant monitoring of the anesthetic circuit’s adjustable pressure
limiting (e.g., pop-off) valve is crucial to preventing this type of
misadventure.

Acid-base balance will be altered in accordance with changes
in alveolar ventilation. Hyperventilation will cause a decreased
arterial carbon dioxide level and an increased pH (alkalemia).
Hyperventilation can also lead to cerebral vasoconstriction and
may reduce cerebral perfusion pressure such that cerebral hy-
poxia occurs.12 Hypoventilation will lead to increased arterial
carbon dioxide and a decreased pH (acidemia), which may ad-
versely increase intracranial pressure and lead to brain ischemia
and/or herniation.
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Table 37.2. Adjustable components of the respiratory cycle during
mechanical ventilation

Peak airway pressure
Mean airway pressure
Length of inspiratory phase
Length of expiratory phase
Inspiratory-expiratory ratio
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Introduction
Veterinary patients frequently require anesthesia for diagnostic
evaluation or surgical correction of neurological disorders.
Diagnostic procedures that require either general anesthesia or
heavy sedation include electroencephalography (EEG), myelog-
raphy, other imaging techniques, and electrodiagnostic testing.
Veterinary neurosurgical anesthesia is more often required in pa-
tients with spinal cord rather than intracranial disorders. The most
frequently performed neurosurgical procedure in veterinary med-
icine is used in the treatment of intervertebral disk disease.
However, the increased use of advanced imaging techniques, such
as computed tomography and magnetic resonance imaging
(MRI), has led to a greater frequency of intracranial operative pro-
cedures in small animal patients where these imaging modalities
are available. In patients with neurological disease, consideration
of the dynamics of intracranial pressure (ICP), cerebral blood
flow (CBF), and cerebrospinal fluid (CSF) production and flow is
important in preventing patient morbidity or death.

Physiology
In normal awake animals, blood supply to the central nervous
system (CNS) is controlled by autoregulatory mechanisms. Al-
teration in CBF can result from a variety of changes in arterial

oxygenation, carbon dioxide partial pressure, mean arterial pres-
sure, and venous outflow. The brain and spinal cord are protected
by encasement within the bony skull and vertebral column.
Increases in blood flow within the noncompliant cranial vault
cause an increase in the intracranial volume.1–3 Once increases in
CBF cause the intracranial volume to exceed the limits of effec-
tive compliance, ICP increases sharply. When clinical findings
suggest ICP is already increased by intracranial masses, trauma,
or derangement of autoregulation, extreme care is required, be-
cause slight changes in intracranial volume greatly increase ICP.2

Significant ICP increases may lead to cerebral ischemia and
brain herniation.1

Autoregulation of Cerebral Blood Flow
Autoregulation of brain blood flow is usually very effective in 
a systemic mean arterial blood pressure range of approximately
60 to 140 mm Hg. Within this range of blood pressure, many
factors—including intracranial tumors, hypercapnia, severe hy-
poxia, and many anesthetics—interfere with autoregulation and
cause changes in ICP (Fig. 38.1).1,4,5 Blood vessels in the brain
supplying diseased or neoplastic tissues may be fully dilated and
unaffected by normal autoregulation mechanisms.

The CNS depression of general anesthesia is usually accompa-
nied by a decrease in cerebral metabolic rate and cerebral meta-
bolic requirement for oxygen (CMRO2). This decrease in oxygen
requirement is thought to be protective in the possible event of
relative ischemia during anesthesia and neurosurgery. There are
conflicting reports on the efficacy of various anesthetics in reduc-
ing CMRO2, just as there are with regard to the relative effects of
the anesthetics on CBF and ICP. Isoflurane, sevoflurane, etomi-
date, and the barbiturates are generally recognized as contribut-
ing substantially to reduction of CMRO2, affording some cere-
bral protection.5

In patients with preexisting elevated ICP, further increases can
be caused by gravitational or positional interference with
drainage of venous blood from the head. Obstruction by occlu-
sion of jugular veins through surgical positioning of the head, use
of a neck leash, or venous occlusion to obtain blood samples or
placement of jugular vein catheters can rapidly cause dangerous
increases in ICP.6 For intracranial neurosurgery, a slight elevation
of the head above the level of the heart (with the neck in a neu-
tral position) will facilitate venous drainage, lowering ICP.
Extreme elevation is avoided to minimize the risk of venous air
embolization.3
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Only at very low arterial oxygen tensions does the CBF
change in response to oxygen partial pressure. When arterial
oxygen partial pressure (PaO2) decreases below a threshold of 50
mm Hg, CBF increases (Fig. 38.1). The relationship between ar-
terial carbon dioxide partial pressure (PaCO2) and CBF, on the
other hand, is linear. CBF increases by about 2 mL · min�1 · 100
g�1 of brain tissue for every 1-mm Hg increase in arterial carbon
dioxide over the range of PaCO2 from 20 to 80 mm Hg.7 Hyper-
ventilation has been used extensively in neuroanesthesia to re-
duce CBF (via cerebral vasoconstriction). This maneuver de-
creases tissue bulk, facilitating intracranial surgery. Although
quite effective, this technique is somewhat controversial in some
situations, because a potential exists for the diversion of remain-
ing blood flow preferentially to diseased tissues lacking autoreg-
ulation at the expense of normal brain tissue.8 Deliberate hyper-
ventilation to decrease ICP may be risky when mean arterial
blood pressure is reduced to less than 50 mm Hg. The ensuing is-
chemia could be deleterious to normal brain tissues if a “steal” of
CBF diverts remaining blood flow.8,9 The rapid and substantial
reduction in CBF and ICP achieved by hyperventilation makes it
a valuable tool for the immediate reduction in brain bulk to facil-
itate intracranial surgery and to reduce acute brain swelling.

Although controversial, restriction of intravenous fluids to
only that volume necessary to maintain adequate circulating vol-
ume and cardiac output is usually recommended in neurosurgical
patients with increased ICP.10,11 Excessive fluid volume has been
associated with increased central venous pressure, decreased ve-
nous outflow, and increased risk of compounding cerebral
edema. Diuretic therapy is frequently indicated in the medical
management of patients with intracranial masses and elevated
ICP or cerebral edema.6 Dextrose administration is somewhat

controversial and must be individualized to the situation. Hyper-
glycemia is associated with adverse outcome in animals with
cerebral ischemia, and cerebral edema can be exacerbated by ad-
ministration of isotonic dextrose. However, intravenous dextrose
administration decreases the incidence of seizures in patients
after metrizamide myelography and is indicated in hypoglycemic
seizures or hypoglycemic coma.1,12,13

Glucocorticoids are effective in the treatment of some forms of
cerebral edema14 and have been shown to be effective in reduc-
ing the increased ICP that is caused by brain tumors and hydro-
cephalus. Glucocorticoid therapy may be considered in the man-
agement of patients with cerebral edema associated with primary
or metastatic brain neoplasia. Since dexamethasone administra-
tion has been shown to reduce the rate of CSF formation in dogs,
steroid administration may be of some value in the preanesthetic
management of hydrocephalic patients considered at risk of fur-
ther increases in ICP.14,15 Corticosteroids are now known to be
contraindicated in cases of CNS trauma.

Pharmacological Considerations
Sedatives, Tranquilizers, and Analgesics
For many years, the suspected increased seizure activity associ-
ated with administration of the phenothiazine (e.g., acepro-
mazine) and possibly butyrophenone (e.g., droperidol) tranquil-
izers contraindicated their use in seizure-prone patients and in
patients for diagnostic EEG.16 A more recent retrospective study
indicates that acepromazine does not potentiate seizure activity.17

Control of seizures with benzodiazepine tranquilizers (e.g., di-
azepam or midazolam) is desirable in the management of
seizure-prone patients but can obscure characteristic patterns in
diagnostic EEGs. In addition, benzodiazepines appear to de-
crease CBF and ICP.18

Use of xylazine in dogs and cats is controversial, yet clinical
evidence for or against its use in patients with neurological dis-
ease is lacking. In healthy conscious horses, xylazine (1.1 mg/kg
IV) decreased CSF pressure measured at the lumbosacral
space.19 Horses anesthetized with pentobarbital and subse-
quently given xylazine (1.1 mg/kg IV) had no change in either
lateral ventricle or lumbosacral CSF pressure.20 Horses given
detomidine (20 µg/kg IV) also had a reduction in CBF.21

Medetomidine administered to isoflurane-anesthetized dogs had
no effect on ICP measured using a fiberoptic transducer, whereas
antagonism of medetomidine by using atipamezole was associ-
ated with a dramatic transient increase in ICP.22 Dexmede-
tomidine, the pharmacologically active stereoisomer of medeto-
midine, decreased CBF in both halothane and isoflurane
anesthetized dogs.23,24 Thus, although the effects of �2-agonists
on ICP may differ in horses and dogs with head trauma or neu-
rological disease, they appear to be rational choices to provide
sedation for examination or as a preanesthetic medication.
Venous congestion in the head, when positioned below the level
of the heart, may be associated with an increase in ICP.
Therefore, the dose of xylazine or detomidine should be titrated
to prevent excessive head lowering and possible resultant in-
creased ICP in horses or other species.
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Fig. 38.1. Alterations in cerebral blood flow (CBF), in milliliters per
100 g of brain tissue per minute, caused by changes in arterial ten-
sion of oxygen (PaO2), carbon dioxide (PaCO2), and mean arterial
blood pressure (MAP). Redrawn from Shapiro.1
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Opioids or neuroleptanalgesic combinations are sometimes
used in anesthetic management of patients with increased ICP.
The direct effects of opioids on CBF and ICP are minimal.
However, opioids may indirectly increase CSF pressure and
should be used cautiously in patients with cerebral trauma or
space-occupying tumors. Increases in pressure within the cra-
nium may aggravate the underlying condition. The elevation in
CSF pressure is caused by accumulation of carbon dioxide,
which in turn is caused by opioid-induced hypoventilation. If a
patient is ventilated to prevent hypercapnia, the increase in CSF
pressure does not occur when opioids are administered.25 When
opioids are used in these cases, the respiratory status must be as-
sessed through arterial blood-gas analysis or end-tidal carbon
dioxide levels, and when necessary, the patient should be venti-
lated to prevent hypercapnia. The judicious use of opioids for
pain management in the postoperative period often does not
cause as much respiratory depression as does pain itself.26 Thus,
opioid analgesic medication is based on the relative severity of
pain in each animal.

Injectable Anesthetics
Most of these cause significant reductions in CMRO2, CBF, and
ICP (Table 38.1).1–3,5,6,12 Recognition of barbiturate-induced
reductions in CMRO2, CBF, and ICP has contributed to the con-
cept of barbiturate coma therapy for cerebral resuscitation after
periods of cerebral ischemia as occurs in near-drowning and in
cardiopulmonary resuscitation. The value of barbiturates as a
therapy for cerebral ischemia/hypoxia is controversial at best. It
is likely that barbiturates are protective if administered prior to
the insult but of relatively little value if administered after clini-
cal signs of brain ischemia have developed. Propofol or barbitu-
rates may be of value in avoiding postoperative sequelae to sur-

gical trauma. It must be recognized, however, that barbiturate
anesthesia often prolongs anesthetic recovery. In neurosurgical
patients, the CNS depression associated with residual barbitu-
rates can seriously obscure postoperative evaluation and prevent
meaningful neurological evaluation.

The dissociative anesthetics represent a notable exception to
the reduction in CBF, ICP, and CMRO2 characteristic of most in-
jectable anesthetics.1–3,6,12 EEG activity also increases with dis-
sociative anesthesia. Convulsant activity ranging from muscle
twitching to seizures occurs as an infrequent adverse effect of the
dissociatives. Patients with a history of seizure-related disorders
and those with intracranial masses, closed-head traumatic in-
juries, and other conditions potentially increasing ICP should not
receive dissociative anesthetics. Because benzodiazepine tran-
quilizers may decrease CBF and ICP, their combination with dis-
sociative anesthetics may attenuate cerebrovascular and neuro-
logical effects of the dissociative agent.27

Volatile Anesthetics
Inhalant anesthetics increase CBF and alter CMRO2 to varying
degrees.7,10,12,28–31 Since increased CBF and ICP are also highly
influenced by carbon dioxide retention, respiratory depression
associated with volatile anesthesia can be responsible for in-
creases in ICP that are clinically significant in neurosurgical pa-
tients. There is evidence that regional changes in the distribution
of CBF result from administration of the volatile anesthetics such
that our understanding of cerebrovascular effects may not be ac-
curately based on global estimates of CBF in animals.4

Among the volatile anesthetics clinically used in veterinary
medicine, halothane dramatically blocks autoregulation, increas-
ing CBF and ICP.29,30 Methoxyflurane, enflurane, and isoflurane
all interfere with autoregulation in a more limited extent than
halothane.3 At 1.1 minimum alveolar concentration levels of
anesthesia, CBF increases almost 200% with halothane but by
only about 40% with enflurane and is unchanged with isoflu-
rane.2,28 Higher concentrations of isoflurane cause increases in
CBF. The loss of cerebral autoregulation with halothane is impli-
cated in the greater degree of brain swelling noted during neuro-
surgery with this anesthetic. The increase in CBF occurs rapidly
upon halothane administration and is independent of changes in
arterial blood pressure, implicating halothane’s direct cerebro-
vascular effects.

Fortunately, modest hyperventilation, reducing arterial car-
bon dioxide to 30–35 mm Hg, often eliminates the volatile
anesthetic-induced increase in CBF.29 Hyperventilation is rapidly
effective in reducing elevated CBF and ICP or in preventing their
rise in patients at risk. It is easy, rather cost free, and the safest
method available. Excessive hyperventilation should be avoided
because cerebral perfusion pressure may decrease, resulting in
cerebral ischemia. In light of the respiratory depression of gen-
eral anesthesia and the potential rise in CBF and ICP, ventilation
to prevent hypercapnia should be incorporated into the anesthetic
technique for animals with intracranial masses or other disorders
of autoregulation. Values between 35 and 40 mm Hg of PaCO2
are recommended in anesthetized patients at risk of increased
morbidity associated with raised ICP.

Neurological Disease ● 905

Table 38.1. Effects of anesthetics and anesthetic adjuncts on
cerebral blood flow (CBF), intracranial pressure (ICP), blood
pressure (BP), and cerebral perfusion pressure (CPP).

Agent CBF ICP BP CPP

Desflurane c c d d

Halothane cc cc d d

Isoflurane c c d d

Nitrous oxide f f f f

Sevoflurane c c d d

Atracurium f f f f

Diazepam d d or f d f

Droperidol d d d f

Fentanyl d d d f

Halothane-thiopental f f d d or f
Ketamine cc cc c d

Midazolam d f f f

Morphinea d f d or f f

Propofol dd dd d f

Thiopental dd dd d f

aIndirectly, respiratory depression caused by morphine (and other opioids)
may result in hypercapnia with raised CBF and ICP.



Nitrous oxide has substantial cerebrovascular effects. Al-
though there are conflicting reports and a minority opposing
opinion, adverse effects of nitrous oxide have been well docu-
mented in animals undergoing neurosurgery.5,31 Nitrous oxide
causes the most profound increase in both CBF and ICP of all the
inhalant anesthetics. Owing largely to the limited potency of ni-
trous oxide in veterinary patients, its use is primarily in combina-
tion with other general anesthetics. The combination of volatile
anesthetic gases and nitrous oxide can produce greater increases
in CBF and ICP. In rabbits, nitrous oxide administration pro-
duced a consistent increase in CBF and ICP regardless of
whether it was combined with halothane, isoflurane or fentanyl-
pentobarbital anesthesia.16 Furthermore, these potentially ad-
verse effects were not blocked by hyperventilation. In dogs, ni-
trous oxide increases CMRO2 by 11%. In animal models of
regional cerebral ischemia, the use of nitrous oxide worsens the
neurological outcome.5 The disadvantages of nitrous oxide
would appear to be substantial for many neurosurgical patients.

Anesthetic Management of Specific
Neurological Problems
Myelography and Intervertebral Disk Disease
For the relatively common surgical procedures to decompress
cervical or thoracolumbar intervertebral disk herniation, anes-
thetic management should address (a) protection from possible
seizures and other potential complications associated with ad-
ministration of myelographic contrast agents, (b) perioperative
pain relief, (c) maintenance of adequate spontaneous ventilation,
and (d) management of concurrent disorders such as urinary
incontinence or other factors predisposing patients to adverse
recovery.

Radiographic contrast myelography is frequently performed in
the immediate preoperative period to localize the lesion(s) and to
identify the proper site(s) for surgical decompression. As this pro-
cedure is often performed during the same anesthetic period, pa-
tient management is designed to optimize conditions for both the
diagnostic (radiographic) and the therapeutic (surgical) proce-
dures. Dural puncture for sampling of CSF and/or for administra-
tion of myelographic contrast agent requires a depth of anesthesia
at less than a surgical plane but adequate to prevent patient move-
ment with subsequent trauma. Considerations for an anesthetic
protocol suitable for spinal cord surgery are listed in Table 38.2.

Avoiding the use of potent respiratory depressants and using a
light surgical plane of anesthesia will optimally maintain sponta-
neous ventilation during myelography. Among the less frequent
complications associated with myelography are respiratory de-
pression or respiratory arrest and cardiac arrhythmias.32

Preoperative administration of an anticholinergic will reduce the
incidence of bradycardia. Respiratory depression is probably
referable to effects of the contrast agent at the level of brain stem
and medullary respiratory centers. As such, respiratory effects
are most likely to be associated with “high” myelograms, typi-
cally those showing contrast agent ascending to the brain and
brain stem. The incidence of seizure activity and the other poten-
tial adverse side effects of myelography appears to be greatly re-

duced with use of newer contrast agents such as iopamidol and
iohexol rather than metrizamide.33,34 Hyperflexion of the cervi-
cal spine for cisternal CSF collection and for cervical administra-
tion of myelographic contrast can easily kink most endotracheal
tubes, causing airway obstruction. Endotracheal tubes that are ar-
mored or contain spiral wire are quite resistant to kinking. Metal
or other radiopaque reinforcement in the armored tubes makes
them unsuitable for use in cervical and cranial radiographic stud-
ies. Close attention to adequacy of the airway and spontaneous
ventilation is of paramount importance when flexing the neck.

In addition to the precautions and considerations appropriate
for thoracolumbar disk disease, cervical disk disease can be as-
sociated with increased risk of cardiac arrhythmias and respira-
tory arrest.3 Vagal stimulation during ventral approaches to the
cervical spine may increase with retraction of the carotid sheath.
Frequently, there appears to be greater postoperative pain with
cervical as opposed to thoracolumbar surgical repair, possibly in-
dicating a neuropathic component to the postoperative pain.
Patient positioning for a ventral cervical approach often is dorsal
recumbency with the neck extended. Patients should be observed
carefully during and after positioning, because overextension
may lead to respiratory arrest or cardiac arrhythmias.

Patients having lost deep-pain perception are surgical emergen-
cies. Rapid-sequence induction, using intravenous general anes-
thetics rather than inhalation induction of anesthesia, is indicated
if the animal has or may have a full stomach. Additional manage-
ment related to the emergent nature of their distress may be indi-
cated. The fact that these animals do not feel painful stimuli to the
rear limbs suggests that these areas preferentially can be used for
placement of injections and intravenous catheters without con-
tributing additional pain to an already highly stressed patient.

Anesthesia for Horses with Cervical Vertebral
Instability (Wobbler Syndrome)
The preanesthetic dose of xylazine administered to a horse with
wobbler syndrome should be decreased to prevent the horse from
becoming recumbent prior to induction of anesthesia. Xylazine
should not be administered until the horse is moved to the induc-
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Table 38.2. Anesthetic management for intervertebral disk disease.

1. Benzodiazepine tranquilization (e.g., diazepam, 0.2 mg/kg IV)
2. Low-dose opioid (e.g., hydromorphone, 0.2 mg/kg IV or IM)
3. Anticholinergics if needed, especially before myelography

(atropine, 0.04 mg/kg IM)
4. Induction with thiopental (15 mg/kg IV) or propofol (3 mg/kg

IV) administered to effect
5. Avoid hyperextension of the neck in cases of cervical trauma,

instability, or disk disease
6. Maintenance of protected airway during the procedure
7. Judicious fluid therapy
8. Positioning of the patient to avoid venous occlusion
9. Use of intraoperative and postoperative opioids for pain

management

IM, intramuscularly; and IV, intravenously.



tion area. Horses that are severely ataxic prior to drug adminis-
tration may be anesthetized in the stall and returned there for re-
covery after the procedure.

Horses with wobbler syndrome may require anesthesia for
myelography. For premedication, a low dose of xylazine (0.2 to
0.4 mg/kg IV) can be used. Anesthesia may be induced by using
guaifenesin in combination with thiopental. Anesthesia can be
maintained with halothane, isoflurane, sevoflurane, or an injec-
table anesthetic mixture such as guaifenesin-thiopental. Some
clinicians prefer to administer guaifenesin alone until the horse
becomes unsteady and then administer a bolus of thiopental (2 to
3 g/450 kg body weight). The total dose of anesthetic should be
kept to a minimum so that recovery from anesthesia is optimized.
As a rule of thumb, a total dose of 2 L of the guaifenesin-
thiopental combination is not exceeded (5% guaifenesin with
0.3% thiopental). Horses can be expected to have an acceptable
recovery when anesthesia is limited to less than 1 h. Controlled
ventilation during the procedure is recommended. Assisted re-
covery using a tail rope or other method of assistance may be
desired; however, experience and extreme caution are required
because of the danger of being crushed by an ataxic horse.

Myelography or withdrawal of CSF may precipitate changes in
cerebrospinal pressure, which can adversely affect function of the
respiratory center in the brain stem.35 Following administration of
a contrast agent, the head should be elevated to minimize the
agent’s migration toward the brain. In one study, 32% of the
horses with significant gait abnormalities that underwent myelog-
raphy (using metrizamide as the contrast agent) had significant
worsening of clinical signs after the procedure.36 Equine myelo-
graphy with iopamidol or iohexol as the contrast agent  may be as-
sociated with less toxicity and fewer side effects than metriza-
mide.37,38 Regardless of the contrast agent used, a sudden drop in
arterial blood pressure may occur at the time of injection. Moni-
toring of blood pressure is recommended during the procedure. At
the end of the procedure, the horse is returned to spontaneous ven-
tilation and remains anesthetized for at least 30 min after the last
injection of contrast agent. Following prolonged lateral recum-
bency, it is advised to allow the horse to recover with the same side
down. Turning horses to the opposite side after long procedures in
lateral recumbency does not improve, and may worsen, arterial
oxygenation.39,40 Recovery from anesthesia for myelography is
often characterized by several hours of ataxia, which may be more
severe than prior to anesthesia. Measures to observe and support
recovering horses should be available. Some horses benefit from
being placed in a sling for a few hours after anesthesia. To promote
a smooth recovery (and possibly to decrease the incidence of post-
myelogram seizure or muscle-tremor activity), a low dose of xy-
lazine (25 to 100 mg IV) or diazepam (0.03 mg/kg intramuscu-
larly) may be administered to adult horses. Some clinicians use
phenylbutazone to minimize postmyelogram muscle-tremor activ-
ity. Because phenylbutazone is highly protein bound and may dis-
place anesthetic from protein-binding sites, it has been recom-
mended that phenylbutazone be administered before anesthetic
agents are given. Phenylbutazone administration to horses that al-
ready are induced and/or maintained with injectable anesthetics
may deepen anesthesia or prolong recovery.

Intracranial Masses and Elevated Intracranial
Pressure
Patients with intracranial masses, dysfunctional CBF autoregula-
tion, and/or increased ICP are at risk of rapid decompensation
under anesthesia. Preoperative assessment should include meas-
urement of arterial blood pressure, because many patients with
elevated ICP will have an accompanying increase in systemic ar-
terial blood pressure (Cushing’s response). Systemic hyperten-
sion is an attempt to compensate and maintain adequate cerebral
perfusion pressure. If mean arterial pressure is significantly ele-
vated prior to drug administration, arterial blood pressure should
not be allowed to drop to normally acceptable levels under anes-
thesia (e.g., a mean arterial pressure of 60 mm Hg), because cere-
bral ischemia can result despite an “acceptable” mean blood
pressure.

Manual or mechanical positive-pressure ventilation should be
immediately available and instituted at induction. Mechanical
ventilation should be continued until extubation. In some cases,
allowing PaCO2 to rise in order to stimulate spontaneous ventila-
tion, before the respiratory depressant effects of the anesthetics
wane, may cause serious elevations in ICP and possibly hernia-
tion. Anesthetic monitoring should address the physiological
variables associated with altered ICP. Venous and arterial blood
pressures and airway or arterial sampling for carbon dioxide
analysis should be included, if possible. Intravenous mannitol
(0.5 to 1.0 g/kg IV slowly) may be useful to reduce ICP before,
during, or after anesthesia. Optimal anesthetic management can
substantially improve patient status and the outcome of intracra-
nial surgical procedures. A recommended anesthetic technique is
summarized in Table 38.3.

Management of Seizures in the Perianesthetic
Period
Seizures are most commonly observed in animals with other
signs of brain disease. Thus, animals anesthetized for diagnosis
or treatment of CNS disease are more likely to exhibit seizure ac-
tivity during the perianesthetic period. The animal with seizure
activity should be medically treated to control standard recom-
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Table 38.3. Anesthetic technique for patients with elevated
cerebral blood flow and/or intracranial pressure.

1. Preanesthetic critical care management and stabilization
2. Fluid therapy limited to minimize cerebral edema but ade-

quate to support circulation
3. Avoid severe respiratory depression, jugular venous occlu-

sion, and coughing at induction or during recovery
4. Avoid dissociative anesthetics, halothane, enflurane, and

nitrous oxide
5. Thiobarbiturate or propofol induction of anesthesia preferred
6. Minimal inhalant anesthetic supplemented with opioids for

maintenance
7. Modest hyperventilation to reduce cerebral blood flow and

intracranial pressure
8. Postoperative critical care with support of ventilation and

circulation as indicated



mendations before anesthesia is attempted. In horses, treatments
for status epilepticus include use of anticonvulsants such as di-
azepam, midazolam, pentobarbital, phenobarbital, phenytoin,
primidone, chloral hydrate, and the combination of guaifenesin
with a thiobarbiturate.41 Foals exhibiting seizure activity may be
treated with diazepam (5 to 10 mg IV), phenytoin (5 to 10 mg/kg
IV, intramuscularly, or orally), or phenobarbital (with plasma-
level monitoring).42 A complication associated with treatment of
seizures in neonatal foals is the altered disposition of drugs.
Functional hepatic microsomal enzymes and renal function in
neonates is immature. Thus, concurrent medication with other
drugs may cause unexpected interactions or changes in elimina-
tion, necessitating careful patient monitoring and alteration of the
anticonvulsant dosage regimen.

Phenothiazine tranquilizers have been shown to augment epi-
leptiform activity on the electroencephalogram of dogs.43

Intrathecal injection of radiographic contrast agents is frequently
associated with seizures.44 Therefore, the use of acepromazine
and other phenothiazine tranquilizers has usually been avoided in
animals with preexisting seizures and in animals undergoing
myelography (Table 38.4).

Horses sedated with xylazine demonstrate electroencephalo-
graphic slowing with irregular waveforms.45 Xylazine (0.1 to 0.2
mg/kg IV) and diazepam (0.2 mg/kg IV) have both been sug-
gested as effective injectable treatments for seizures in horses re-
covering from anesthesia.46 Seizures occurring after myelogra-
phy that are not controlled by injections of xylazine or diazepam
may be treated by reanesthetizing the horse with guaifenesin and
a thiobarbiturate. Anesthesia with an inhalation anesthetic may
be necessary for up to 1 or 2 h until seizure activity wanes.

In horses, the accidental intracarotid injection of drugs such as
xylazine may seriously irritate neural tissues, causing a violent
reaction and seizures. Management of this potentially dangerous
situation should be directed toward manual and, preferably,
chemical restraint to prevent injury. Intravenous injection of
thiopental alone or guaifenesin combined with thiopental is rec-
ommended as soon as accidental intracarotid injection is recog-
nized. The preplacement of an indwelling intravenous catheter is
recommended to help prevent the accidental perivascular injec-
tion of any drug. Inspired oxygen should be supplemented, and
intravenous fluids should be administered. In the case of intra-
carotid injection of xylazine, pharmacological antagonism is not
recommended. Horses given intracarotid drug injections can be
sedated for 30 min by using the combination of guaifenesin and
thiopental and often recover uneventfully. The accidental intra-
carotid injection of larger doses may have severe neurological se-
quelae (presumably caused by brain edema) requiring additional
symptomatic treatment.

Anesthesia for Electrodiagnostic
Techniques
Electrodiagnostic procedures are those that involve recording
spontaneous or evoked electrical activity from tissues or organs.
Although consistent with the definition, electrocardiography is
usually not considered under this rubric. In veterinary medicine,

clinical electrodiagnostic techniques are used to record potentials
from muscle, peripheral nerves, spinal cord, brain stem, cortex,
and retina. In humans, these procedures are performed without
the use of general anesthetics, tranquilizers, or analgesics. With
adequate instruction, most adults will tolerate some degree of
discomfort or boredom to achieve good test results. Some proce-
dures, such as nerve-conduction studies or electromyography,
cause some pain, whereas others, such as visual or auditory
evoked potentials, may simply require human patients to concen-
trate or refrain from movement. A fundamental problem encoun-
tered in the use of electrodiagnostic techniques in veterinary
medicine is that of patient cooperation. Even during those proce-
dures in which the stimulus is innocuous, artifacts caused by
movement may render the technique ineffective. Therefore,
many of these procedures must be performed in anesthetized or
tranquilized animals. This approach is usually less stressful to the
animals, insures a minimum of recording artifacts, and often
gives the examiner an opportunity to collect more useful data.
The obvious trade-off is nervous system function that has been
chemically altered to some degree.

The effects of anesthetics on the outcome of electrodiagnostic
procedures range from insignificant to dramatic. In some in-
stances, the use of anesthetic agents altogether precludes record-
ing certain types of potentials. The order of increasing anesthetic
effects on recordings is peripheral nerve and skeletal muscle,
spinal cord and retina, brain stem, and cerebral cortex. Even so,
as long as the effects are understood, the benefits of the record-
ings may still provide valuable diagnostic data and information.

Today, intraoperative monitoring has become standard practice
when a physician desires direct and prompt feedback about neu-
ral function during surgical procedures. The use of intraoperative
electrodiagnostic monitoring in veterinary medicine is not wide-
spread, but many electrodiagnostic laboratories judiciously use
anesthetics for their procedures. Certainly, the precautions will
vary between animal species and the physical condition of pa-
tients. An exhaustive review of anesthetic effects on these diag-
nostic techniques is not possible here, but some examples from
the literature underscore the relevance of this information.

Electroencephalogram and Electromyography
There are two procedures in which electrical activity is recorded
from spontaneously, reflexively, or volitionally active tissue. The
first is the electroencephalogram (EEG), activity produced by the
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Table 38.4. Anesthetic management of seizure-prone patients.

1. Treatment or prevention of hypoglycemia
2. Use benzodiazepines for tranquilization (diazepam or midazo-

lam, 0.2 mg/kg IV) or barbiturate sedation (phenobarbital, 2 to
5 mg/kg, IM)

3. Induction with thiopental (15 mg/kg IV) or propofol (3 mg/kg
IV) administered to effect

4. Avoid enflurane for maintenance of anesthesia
5. Prevent hypoventilation and hypercapnia

IM, intramuscularly; and IV, intravenously.



cerebral cortex, and the second is the electromyogram, electrical
activity produced by skeletal muscle. Most other electrodiagnos-
tic procedures require a stimulus to evoke activity from excitable
tissue. The evoking stimulus may be electrical, visual, auditory,
or mechanical.

The effects upon the EEG depend on the anesthetic type and
depth. Anesthesia initially causes an increase in the voltage and a
decrease in the frequency of cortical potentials when compared
with the record of an awake alert dog. Spikes and spindles may
also riddle the EEG of lightly anesthetized dogs and cats.47,48

As anesthesia deepens, the overall voltage begins to diminish. 
A dose-response decrease in cerebral oxygen consumption
(CMRO2) accompanies the use of isoflurane in dogs and causes
the EEG to become isoelectric at an end-expired concentration of
3%.49 The same type of cortical alteration in electrical activity,
sometimes referred to as burst suppression, has been reported in
swine.50 Isoflurane anesthesia may thereby interfere with acquisi-
tion of diagnostic information. A recommended anesthetic tech-
nique for diagnostic EEG evaluation and for procedures other
than EEGs in seizure-prone patients is summarized in Table 38.4.

Dose-dependent CNS depression of EEG activity by most
anesthetics is characteristic and has led to the development of
EEG-based anesthetic-monitoring techniques.51 Use of com-
puter-analyzed quantitative EEG in isoflurane-anesthetized dogs
has been reported.52 Notable exceptions to the general rule that
anesthetics decrease EEG activity include the dissociative anes-
thetics and the volatile anesthetic enflurane. Enflurane anesthesia
can be accompanied by increased EEG activity extending to
seizures, particularly if a patient is hyperventilated and hypocar-
bic.3,12 Alterations in normal PaCO2 are associated with signifi-
cant changes in the quantitative EEG of dogs during halothane
anesthesia.53 Methoxyflurane and halothane anesthetics cause a
progression of cerebral depression in dogs, with the latter more
likely to promote burst suppression than the former.54 Similar re-
sults in dogs have been reported for sodium pentobarbital. In
dogs, barbiturate anesthesia is accompanied by reduced EEG am-
plitude and burst suppression.55

Monitoring CNS depression by using EEG during anesthesia
has been the focus of study for decades. However, direct interpre-
tation of the EEG has not proven adequately reliable or time re-
sponsive for use in operative circumstances. Processed EEG
monitoring has evolved as a way to provide immediate feedback
to anesthetists in regard to patients’ CNS activity. Spectral edge
frequency, total power, beta to delta frequency ratios, and other
specific parameters derived from computer-processed EEG have
been correlated to varying degrees with anesthetic depth, but in-
terpretation can vary depending on the selection of anesthetic
agents. Intraoperative EEG processing has been developed with
significant improvement in reliability. For example, the bispec-
tral index (BIS) monitor is a proprietary device that provides in-
formation related to anesthetic depth and is readily interpreted. In
addition, the BIS has proven to be reliable as an indicator of
anesthetic depth in people given a variety of anesthetic agents
and adjuncts.56,57 The BIS is a unitless number between 0 and
100 derived from the processed EEG.58 People undergoing sur-
gery are typically maintained at a depth of anesthesia that yields

a BIS value between 40 and 60, which reliably prevents intraop-
erative awareness.59–63

In animals, a few reports have evaluated use of the BIS as an
indicator of anesthetic depth. In dogs, isoflurane and sevoflurane
anesthetic depth has been correlated to BIS.64,65 Anesthetized cats
had a nonlinear relationship of BIS with increasing multiples of
sevoflurane minimum alveolar concentration.66 The change in
BIS values following stimulation in isoflurane-anesthetized cats
provided a useful measure of anesthetic depth.67 In goats anes-
thetized with isoflurane, BIS values significantly changed in re-
sponse to intubation and noxious stimulation.68 One study in un-
stimulated pigs did not demonstrate reliable correlation between
isoflurane anesthetic depth and BIS, whereas others have demon-
strated correlation of BIS values to anesthetic depth during sur-
gery or with other noxious stimulation.69–72

Nerve-Conduction Studies
Nerve-conduction velocity has been successfully recorded in dogs
while using a variety of anesthetic protocols. Because these proce-
dures have not been done in unanesthetized animals, the effects of
anesthetics on these procedures are largely unknown. Studies in
dogs have been successful using thiamylal sodium and methoxyflu-
rane for assessment of motor and sensory nerve function.73,74

Auditory and Visual Evoked Potentials
These may be altered by anesthetic agents, depending on the lo-
cation of signal generators. Generally, cortical potentials are
more likely to be affected than brain-stem potentials. In cats, ad-
ministration of pentobarbital (20 mg/kg intraperitoneally) was
shown to increase latency, area, and amplitude of auditory poten-
tials.75 In another study, brain-stem auditory evoked potentials
recorded from cats were unaffected by sodium pentobarbital, ke-
tamine, halothane, or chloralose administration.76 Similar results
were obtained from rats when ketamine or pentobarbital were
used.77 The use of ketamine in rats does, however, affect photic
and field potentials recorded directly from various sensory relay
nuclei when using implanted microelectrodes.78 The use of keta-
mine and xylazine in cats produces only minimal changes (la-
tency increases) in the brain-stem auditory evoked responses
(BAERs) compared to xylazine alone.79 The use of thiamylal
sodium alters the BAER in dogs by increasing the latencies and
decreasing the amplitudes of certain peaks.80 The same dose of
thiamylal sodium, however, completely obliterates middle-
latency components of the BAER in dogs.81 Light pentobarbital
anesthesia in cats produces an increase or no change in cortical
auditory evoked responses (AERs), moderate levels cause some
increases in amplitude, and deep anesthesia causes all waves to
disappear.82 Although paraldehyde, ether, and ethyl chloride pro-
duce effects similar to those of pentobarbital, chloralose and
chloroform are associated with an earlier and more profound pe-
riod of enhancement.

In rats, the use of halothane (0.25% to 2.0%) affects AERs in
a dose-related fashion.83 These potentials are more sensitive to
halothane than are visual evoked responses, especially in the au-
ditory cortex. Pentobarbital, given to rats in sufficiently high
doses to cause coma, progressively depresses and then abolishes
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all peaks of the auditory brain-stem potential.84 The use of at-
ropine and xylazine in dogs in combination with ketamine or
pentobarbital produces only slight changes in the latency of
BAER wave VI when compared with xylazine and atropine
alone.85 When BAER waves in dogs anesthetized with
methoxyflurane are compared with those in unanesthetized 
dogs, all waves have significantly longer latencies.86 In gerbils,
ketamine-xylazine anesthesia induces only minor changes in the
low-frequency and high-frequency components of the auditory
brain-stem response.87

Visual evoked potentials (VEPs) have been successfully
recorded in dogs and cats administered halothane, and in cats ad-
ministered halothane and thiamylal sodium.88–90 In dogs, a com-
parison of VEPs from dogs anesthetized with chloralose with
VEPs from dogs anesthetized with halothane or halothane and
thiopental did not reveal any differences in the waveform.91

Electroretinogram and Oscillatory Potentials
These can be recorded from small animals under a variety of
anesthetic conditions.92–94 The effects of clinical anesthetic pro-
tocols in animals is not well documented. Methoxyflurane,
halothane, enflurane, ether, and chloroform anesthesia retards
cone adaptation curves in monkeys.95 Pentobarbital anesthesia in
cats enables visual evoked responses to be recorded with only
minor fluctuations over an 80-min period.96 Barbiturate anesthe-
sia has no effect on the maturation of the visual evoked response
during the first 2 weeks of life.97 Beyond 2 weeks of age, anes-
thesia causes an increase in the amplitude of early components
while eliminating later components altogether.

Somatosensory Evoked Potentials
Somatosensory evoked potentials (abbreviated as SSEPs, SEPs,
or SERs [somatosensory evoked responses]) are also affected by
anesthesia. Isoflurane at 1% produces a sustained latency change
in SSEP in newborn piglets.98 Halothane administration does not
affect peak latencies of lumbar spinal cord evoked potentials, but
amplitudes are reduced.99 In cats, increasing levels of pentobarbi-
tal can be used to achieve therapeutic coma levels.100 The early
brain-stem components are relatively unaffected, whereas late
brain-stem and initial cortical responses show progressive latency
increases. Late cortical waves are abolished at relatively low
doses; central conduction is unaffected, and late waves of the vi-
sual evoked response are abolished even though a single potential
survives massive doses. Components of sheep SSEPs have been
shown to be differentially sensitive to barbiturate anesthesia.101

Motor Evoked Potentials
The effects of isoflurane on motor evoked potentials (MEPs) in
rats has been examined using concentrations ranging from 0.2%
to 1.5%.102 There is a progressive increase in onset latency of the
compound muscle action potentials and a decrease in the peak-
to-peak amplitude and duration. Spinal cord MEPs have been re-
ported in dogs with the use of a combination of fentanyl, droperi-
dol, sufentanil, and nitrous oxide. Halogenated gas anesthetics
raised the stimulus threshold for recording MEPs as compared
with narcotic/nitrous oxide anesthesia.103 Peripheral nerve MEPs

have been successfully recorded from dogs when using thiopen-
tal sodium, isoflurane, and oxymorphone.104

Considerations for Magnetic
Resonance Imaging
Anesthetic concerns during MRI examination center on the po-
tentially dangerous environment of a strong magnetic field.
Ferromagnetic projectiles have had serious, even lethal, conse-
quences in MRI suites. Anesthetic management of animals un-
dergoing MRI exam can most simply be accomplished by means
of injectable agents.105–107 Inhalant anesthetics have been used in
MRI suites by distancing the vital ferromagnetic components of
the anesthesia machine from the magnetic field. Use of an ex-
tended non-rebreathing circuit, such as the Bain circuit, has been
described.108 One drawback of this technique is the higher fresh-
gas flow rates required for larger animals (>50 kg). Another mod-
ification of anesthetic technique for MRI involves the use of ex-
tended rebreathing hoses with the anesthetic machine placed near
the magnet, yet just beyond the critical point of magnetic attrac-
tion. For equine MRI, a large animal machine suitable for deliv-
ering inhalant anesthetics to horses can be used in this manner.
There is anecdotal evidence that prolonged exposure (more than
2 h) in a 3- to 5-gauss magnetic field begins to affect vaporizer
(Isotec; Datex-Ohmeda, Helsinki, Finland) output such that
higher vaporizer settings are required to maintain adequate anes-
thesia (S. Greene, personal observation). In human patients, this
effect has been reported for Fortec vaporizers (Cyprane,
Keighley, U.K.).109 Although many vaporizers are mainly con-
structed from nonferrous materials, many do contain components
attracted or affected by magnetic fields.110

Anesthesia in MRI suites can be monitored by using MRI-
compatible equipment to measure the electrocardiograph, blood
pressure, pulse oximetry, and airway gases.111 Less expensive al-
ternatives include use of remotely placed monitors with special-
ized cabling designed to avoid interference with the magnetic
field and induction of electric currents leading to burns. Simple
systems can be used to measure direct arterial blood pressure,
such as the aneroid manometer placed beyond the magnetic field
or several feet of extension tubing placed between the transducer
and patient. Some dampening and degradation of the arterial
pulse wave may occur, but often direct measurement or arterial
blood pressure is invaluable to assure maintenance of adequate
cerebral perfusion pressure.

Because the magnetic fields vary considerably among various
MRI units in clinical practice, consultation with a knowledgeable
biomedical engineer is advised prior to implementing a monitor-
ing system or novel means of anesthetic delivery.
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Introduction
The kidneys have three primary functions: filtration, reabsorp-
tion, and secretion. To accomplish these functions, they receive
about 25% of the cardiac output. The renal tubules and collecting
ducts reabsorb up to 99% of filtered solutes, indicating that the
total filtration volume is much greater than daily urine produc-
tion. Neurohumoral substances and physiological factors that af-
fect reabsorption of the filtered water and sodium include aldos-
terone, antidiuretic hormone (ADH), arterial blood pressure,
atrial natriuretic factor, catecholamines, prostaglandins, renin-
angiotensin, and stress.

Renal blood flow (RBF) is regulated by extrinsic nervous and
hormonal control and by intrinsic autoregulation. Renal vascula-
ture is highly innervated by sympathetic constrictor fibers origi-
nating in the spinal cord segments between T4 and L1. The kid-
neys lack sympathetic dilator fibers and parasympathetic
innervation. Intrinsic autoregulation of RBF is demonstrated by
a constant flow when mean arterial blood pressure ranges from
80 to 180 mm Hg. When the mean arterial blood pressure is be-
tween 80 and 180 mm Hg, the kidney can control blood flow by
altering resistance in the glomerular afferent arterioles. Although
the exact mechanism of renal autoregulation is not known, the
significance of this phenomenon relates to protection of glomeru-
lar capillaries during hypertension and preservation of renal
function during hypotension. However, even within the range of
blood pressure described for function of renal autoregulation, ex-
trinsic forces (e.g., neural, hormonal, and pharmacological) and
intrinsic forces (e.g., renal insufficiency/failure) may cause alter-
ations in RBF and glomerular filtration rate (GFR). Catechola-
mines are the major hormonal regulators of RBF. Epinephrine
and norepinephrine cause dose-dependent changes in RBF and
the GFR. Low doses increase arterial blood pressure and de-
crease RBF with no net change in the GFR. Higher doses cause
decreased RBF and GFR. The renal vascular anatomy is unique
in its distribution to cortical and medullary zones. Because of this
vascular dichotomy, local tissue ischemia and hypoxia may occur

even though total organ blood flow is normal. Oxygen delivery to
the kidney is complex, and selective regional hypoxia is a possi-
ble source of renal injury during renal hypoperfusion. Experi-
mental evidence indicates that the medullary thick ascending
limb of Henle’s loop, because of its high metabolic rate associ-
ated with active transport of electrolytes, is selectively vulnera-
ble to hypoxic injury.1

Anesthetic Effects on Renal Function
Effects of anesthetics on RBF can be summarized with the fol-
lowing generalization: All anesthetics are likely to decrease the
rate of glomerular filtration. Anesthetics may directly affect RBF,
or they may indirectly alter renal function via changes in cardio-
vascular and/or neuroendocrine activity. Most anesthetics de-
crease the GFR as a consequence of decreased RBF (Table 39.1).
Anesthetics that cause catecholamine release (e.g., ketamine,
tiletamine, and nitrous oxide) have variable effects on RBF.
Inhalation anesthetics tend to decrease RBF and GFR in a dose-
dependent manner. Light planes of inhalation anesthesia preserve
renal autoregulation of blood flow, whereas deep planes are asso-
ciated with depression of autoregulation and decreases in RBF.
Although isoflurane has little effect on RBF, it decreases GFR
and urine output.2 Nitrous oxide in combination with halothane
does not appear to alter autoregulation of RBF.3 Desflurane has
no effect on RBF at concentrations up to twice the minimal alve-
olar concentration (MAC); however, it decreases renal vascular
resistance at concentrations greater than 1.75 MAC.4

Thiobarbiturates increase systemic vascular resistance but de-
crease renal vascular resistance with no net change in RBF. In
contrast, ketamine increases RBF and renal vascular resistance.5

Most anesthetics cause less disruption of renal autoregulation of
blood flow at lower doses (lighter anesthetic planes). Different
responses to anesthetics may occur in controlled studies of RBF
compared with clinical use of anesthetics. Renal responses to
anesthetics also depend on the preexisting hydration status and
quantity of perioperative fluids administered, as well as preexist-
ing renal insufficiency/failure.

Due to systemic hypotension or renal vasoconstriction, renal
ischemia may occur during anesthesia. Systemic hypotension
may be caused by excessive depth of inhalation anesthesia, as all
potent halogenated anesthetics cause peripheral vasodilation.
Inhalant anesthetics also depress myocardial contractility and
cardiac output in a dose-dependent manner. Hypotension may
also be induced by phenothiazine or butyrophenone tranqui-
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lizers. Phenothiazine and butyrophenone tranquilizers block �-
adrenoceptors and dopamine receptors. �-Adrenergic blockade
may induce peripheral vasodilation and hypotension. Dopamine
receptor blockade by acepromazine premedication may prevent
dopamine-induced increases in RBF during surgery.

Intraoperative administration of epinephrine for hemostasis
will increase renal vascular resistance and may reduce RBF sig-
nificantly.6 Renal failure may occur occasionally in animals that
have been given epinephrine for hemostasis during otherwise un-
eventful anesthesia.7 Following the initial ischemic insult, renal
perfusion may remain altered because of other mechanisms. In
experimental dogs injected intrarenally with norepinephrine,
saline administration restored RBF but did not correct oliguria.8

Necropsy of animals following acute renal failure may not detect
renal damage because histological evidence may not be evident
until 3 or 4 days after injury.9

Anesthesia and the stress associated with surgery cause release
of aldosterone, vasopressin, renin, and catecholamines. Thus,
RBF and GFR (and therefore urine production) are generally de-
creased with surgery in any patient. For most patients, the effects
of inhaled anesthetics on renal function are reversed at the termi-
nation of anesthesia. Some patients, however, may not regain the
ability to regulate urine production for several days.10

Postanesthetic oliguria should be evaluated as soon as is feasible.
Some drugs used in the perianesthetic period have a signifi-

cant effect on urine production. �2-Adrenergic agonists can dra-
matically increase urinary output and reduce urinary osmolal-
ity.11 Xylazine is believed to decrease ADH concentration in
mares, accounting, in part, for increased urine production.12

Detomidine-induced diuresis has also been reported in horses.13

Because �2-adrenergic agonists can induce diuresis, they should
not be used in animals that have urethral obstruction. Reports on
the effects of opioids on ADH secretion are confusing. The anti-
diuresis following morphine administration in animals has been
attributed to increased release of ADH.14 Others suggest this is a
response to stress associated with surgical stimulation.15 Opioids

may cause urine retention when administered systemically or as
an epidural injection.

Nephrotoxic drugs administered during anesthesia may cause
oliguria (Table 39.2). Methoxyflurane is the only anesthetic known
to cause nephrotoxicity as a consequence of biotransformation to
oxalate and free fluoride ion.16–18 Methoxyflurane anesthesia com-
bined with flunixin meglumine precipitates renal failure in dogs.19

Aminoglycoside antibiotics are potentially nephrotoxic and also
enhance the renal toxicity of methoxyflurane.20

Effects of Renal Insufficiency on
Anesthesia
Renal insufficiency/failure and renal azotemia in patients with
renal insufficiency can alter the response to anesthetics.
Azotemia may be associated with changes in the blood-brain bar-
rier, leading to increased drug penetration into the central ner-
vous system. Patients with renal insufficiency/failure may be aci-
dotic, which will increase the fraction of unbound barbiturate and
other injectable drugs in the plasma. Thus, lower doses of highly
protein-bound injectable anesthetics may be required in acidotic
patients.

Hyperkalemia may be present in animals with renal insuffi-
ciency/failure, obstructed urethra, or rupture of the urinary blad-
der. Acidosis may be associated with a concurrent increase in
serum potassium. Patients in renal failure with hypocalcemia are
at even greater risk, because hypocalcemia potentiates the my-
ocardial toxicity of hyperkalemia. Further, administration of suc-
cinylcholine will transiently increase serum potassium concen-
tration.21 Succinylcholine-induced increases in potassium are
potentially life threatening in animals with hyperkalemia. In con-
trast, elevation in serum potassium is not observed after adminis-
tration of nondepolarizing neuromuscular blocking agents. It
should be remembered that patients with hypermagnesemia asso-
ciated with chronic renal failure may have prolonged recovery
from nondepolarizing neuromuscular blocking agents.22 In gen-
eral, patients having a serum potassium concentration greater
than 5.5 or 6.0 mEq/L should not be anesthetized until the hyper-
kalemia can be addressed. Electrocardiographic (ECG) abnor-
malities are commonly observed with potassium concentrations
exceeding 7 mEq/L. The resting membrane potential of cardiac
muscle depends on the permeability and extracellular concentra-
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Table 39.1. Effects of anesthetics on renal blood flow (RBF) and
glomerular filtration rate (GFR)a.

Drug RBF GFR

Desflurane No change Decrease
Enflurane Decrease Decrease
Etomidate No change No change
Halothane Slight decrease Decrease
Isoflurane Slight decrease Decrease
Ketamine Increase Decrease or no change
Propofol No change No change
Sevoflurane Slight decrease Decrease
Thiopental No change No change or slight 

decrease

aInjectable anesthetics administered as a single intravenous bolus.
Halogenated inhalants administered for maintenance of anesthesia.

Table 39.2. Potential nephrotoxins in the perianesthetic period.

Aminoglycoside antibiotics
Amphotericin B
Bilirubin
Free fluoride ion
Hemoglobin
Iodinated radiographic contrast agents
Methoxyflurane
Myoglobin
Nonsteroidal anti-inflammatory agents
Oxalate



tion of potassium (Fig. 39.1). During hyperkalemia, the mem-
brane’s resting potential is raised (partially depolarized), and
fewer sodium channels are available to participate in the action
potential. As the serum potassium concentration increases, repo-
larization occurs more rapidly and automaticity, conductivity,
contractility, and excitability are decreased. These changes pro-
duce the classic ECG appearance of a peaked T wave with a pro-
longed PR interval progressing to wide QRS complexes and loss
of P waves. Mild chronic hyperkalemia may not require treat-
ment prior to anesthesia. If treatment is instituted for chronic hy-
perkalemia, serum potassium should be lowered gradually to
allow intracellular potassium time to reestablish physiological
transmembrane concentration gradients. If hyperkalemia is acute
or ECG abnormalities are noted, treatment should be initiated
prior to induction of anesthesia. The most rapid treatment for the
cardiac effects associated with hyperkalemia is 10% calcium
chloride (0.1 mg/kg IV). Calcium will increase the membrane’s
threshold potential, resulting in increased myocardial conduction
and contractility. Because increased serum potassium concentra-
tion causes the resting potential to be less negative (partially de-
polarized), the calcium ion–induced increase in threshold poten-
tial temporarily restores the normal gradient between resting and
threshold potentials. It should be recognized that administration
of calcium will not affect the serum potassium concentration, and
its effects will therefore be short-lived. Regimens to decrease the
serum potassium concentration by shifting potassium intracellu-
larly include bicarbonate administration and combined infusion
of glucose and insulin. Because acidemia favors extracellular
movement of potassium and worsens hyperkalemia, intermittent
positive pressure ventilation may be required to prevent anes-
thetic drug–induced hypercapnia and respiratory acidosis.

Patients with chronic renal failure may be anemic because of
bone marrow suppression, chronic gastrointestinal tract blood
loss, reduced red blood cell life span, and decreased erythropoi-
etin production. In response to anemia, the cardiovascular system
may become hyperdynamic in an attempt to maintain oxygen de-
livery. Chronic renal disease may be associated with hyperten-
sion and increased cardiac output but reduced cardiac reserve.
Patients undergoing anesthesia should have a red blood cell
transfusion if the hematocrit is less than 18% (cats) or 20%
(dogs). Additionally, pulse oximetry can be used to rapidly detect
hemoglobin desaturation and alert one to the potential for a de-
crease in tissue oxygen delivery.

In dogs and cats with mild renal insufficiency, a rapid in-
travenous induction of anesthesia may be accomplished with
thiobarbiturates, propofol, etomidate, diazepam-ketamine, or
diazepam-opioid combinations. Severely depressed patients can
be mask induced with isoflurane or halothane. Anesthesia may be
maintained with isoflurane or sevoflurane. The use of medica-
tions, including nonsteroidal anti-inflammatory drugs (NSAIDs),
that are potentially nephrotoxic should be avoided (Table 39.2).

When renal function is questioned, the urinary bladder can be
catheterized and urine production monitored via a closed, sterile
urine-collection system. Urine production is an indirect measure
of renal perfusion. Normal urine output for dogs is 0.5 to 1.0 mL
· kg�1 · h�1. In normal horses, daily urine production has been

estimated to be about 15 L; horses that are denied feed and water
for 24 h produce about 6 L.23 Empty intravenous fluid bags can
be saved for the purpose of collecting urine from catheterized
patients.

If the urinary tract is not obstructed or the patient is anuric, in-
travenous fluids should be administered during anesthesia at the
rate of 20 mL/kg for the first hour. A rate of 10 mL · kg�1 · h�1

is used thereafter. Lower fluid rates should be used if the patient
has mild hypoproteinemia or cardiovascular disease. The choice
of intravenous fluid is based on the animal’s electrolyte and acid-
base status. In general, animals with mild to moderate renal in-
sufficiency/failure that are well prepared for surgery or anesthe-
sia are given lactated Ringer’s solution. Arterial blood pressure
must be measured to detect systemic hypotension and decreased
renal perfusion pressure. The mean arterial blood pressure should
be maintained above 70 to 80 mm Hg. The central venous pres-
sure (CVP) can be measured via a jugular catheter to evaluate the
rate of intravenous fluid administration. Normal CVP should be
between 3 and 5 cm of water. If the CVP rises more than 10 cm
of water, the fluid administration should be slowed or stopped. If
the CVP falls in response to the fluids being stopped, they may
be resumed at a slower rate. An elevated CVP of more than 10
cm of water indicates inadequate myocardial function or volume
overload. Myocardial function may be improved by infusion of
dopamine (1 to 3 µg · kg�1 · min�1). Low doses of dopamine will
also improve RBF either through increased cardiac output,
dopaminergic diuretic effects, or both. Doses of dopamine above
approximately 10 µg · kg�1 · min�1 may cause �-adrenergic
renal vasoconstriction and decreased RBF. Improvement in renal
perfusion in cats given dopamine is less well documented, but
may involve �-adrenoceptor stimulation rather than dopamine
receptor agonism.24 Putative renal dopamine receptors (DA1) in
cats appear to differ from those identified in kidneys of other
species.25 Other DA1 agonists, such as fenoldopam, may prove
useful in improving RBF and diuresis in this species.
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Fig. 39.1. Relationships between extracellular concentrations of
potassium (K+) and calcium (Ca2+) and the resting potential (RP) and
threshold potential (TP). An action potential is generated when there
is sufficient depolarization to reach the TP. Increased extracellular
potassium will result in raised (less negative) RP, whereas increased
extracellular calcium will result in raised TP.
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Tests of Renal Function
Measurements of the GFR and renal tubular function, such as
urine specific gravity and blood urea nitrogen (BUN), are not
specific for renal disease. Serum creatinine is a more specific in-
dicator of the GFR than BUN because it is influenced by fewer
extrarenal variables. It is important to keep in mind that greater
than 75% nephron loss is necessary for most patients to become
persistently azotemic. Thus, patients with mild renal insuffi-
ciency may not have elevated serum creatinine. Persistent pro-
teinuria and/or cellular or granular cylinduria may indicate renal
damage prior to the onset of renal azotemia.

In addition to BUN, serum creatinine concentrations, and uri-
nalysis, patients with renal insufficiency should be evaluated to
determine acid-base balance, electrolyte concentrations (espe-
cially potassium), exercise intolerance, hematocrit, hydration,
and urine production.

Postoperative Oliguria
Postoperative oliguria (<0.5 mL · kg�1 · h�1) should be investi-
gated. If the animal does not have congestive heart failure or pul-
monary edema, a fluid challenge of 5 mL/kg isotonic sodium
chloride may be given. If urine production increases, the animal
was hypovolemic and fluids should be continued. If not,
dopamine may be infused at a rate of 1 to 3 µg · kg�1 · min�1.
Dopamine improves renal function when used at low doses by in-
creasing RBF, GFR, urine output, and sodium excretion, and by
decreasing renal vascular resistance.26 At moderate doses (ap-
proximately 5 to 10 µg · kg�1 · min�1), dopamine activates ß-
adrenoceptors in addition to DA1 receptors, which may dilate
renal arterial beds and increase cardiac output. As previously
mentioned, dopamine doses above approximately 10 µg · kg�1 ·
min�1 can cause �-adrenoceptor stimulation, vasoconstriction,
and decreased RBF even though systemic arterial blood pressure
may increase. Dopamine may also be beneficial because it in-
hibits intrarenal norepinephrine release and has an antialdos-
terone effect.1 Recall that, in patients medicated with acepro-
mazine, low-dose dopamine may be ineffective at increasing
RBF, because of dopaminergic receptor blockade.

The use of diuretics in the perioperative period is controver-
sial. In a study of human patients, acute renal failure treated with
diuretics such as mannitol and furosemide was not resolved.27 In
a dog model of uranyl nitrate–induced acute renal failure, a com-
bination of furosemide and dopamine was effective in restoring
RBF and creatinine clearance, whereas either drug alone was
not.28 In a more recent study, greater diuresis, natriuresis, and
calciuresis and less kaliuresis occurred in normal dogs given a
constant rate infusion of furosemide (0.66 mg/kg IV loading dose
followed by 0.66 mg/kg/h) when compared with intermittent
bolus administration.29 Furosemide is used to promote diuresis in
patients with pulmonary edema but should not be used when a
patient is known to be hypovolemic. In hypovolemia, furosemide
may increase nephrotoxicity of other drugs by increasing their
contact time in the renal tubules.30 Mannitol, an osmotic diuretic,
can be given (0.25 to 0.5 g/kg slowly IV) to prevent pulmonary

edema or hyponatremia if the kidneys do not respond to fluid ad-
ministration and the patient becomes volume overloaded.

Urethral Obstruction
Patients with urethral obstruction may become hyperkalemic,
azotemic, acidotic, and hyperphosphatemic. Cats may also de-
velop hyperglycemia, hypocalcemia, and hyponatremia. Hypo-
natremia is associated with leakage of urine into the peritoneal
cavity.31 Any metabolic abnormalities should be evaluated and
addressed prior to anesthesia, if possible. Hyperkalemia is the
primary concern in most cases of urethral obstruction, and a pre-
anesthetic electrocardiogram assessment is warranted. Treatment
of hyperkalemia has been discussed in preceding paragraphs.

In small animals with urethral obstruction, fine-needle cente-
sis of the urinary bladder may be performed prior to anesthesia,
although bladder injury is a potential concern. Rupture of the uri-
nary bladder during induction of anesthesia in a horse has been
described.32 Perineal urethrostomy may be performed in stallions
with urethral blockage by using standing restraint and epidural
anesthesia. If general anesthesia is required while the bladder is
distended, every attempt should be made to assist the horse into
sternal or lateral recumbency during induction.

Anesthesia may be induced by using injectable or inhalation
anesthetics. In many animals, distension of the urinary bladder is
associated with increased heart rate. Cats that are chamber in-
duced should not be induced with halothane due to its arrhythmic
effects. Chamber induction with isoflurane or sevoflurane is pre-
ferred for small animals. Intravenous ketamine with a benzodi-
azepine has been used in obstructed cats even though active
metabolites of the drug are excreted by the kidney. The rationale
is that, once the obstruction is relieved, excretion of the anes-
thetic will proceed normally. However, cats with a long-term ure-
thral obstruction may develop metabolic disturbances and renal
insufficiency such that elimination of drugs is slowed even after
the obstruction has been removed. Thus, if dissociative anesthe-
sia is used, low doses of ketamine (1 to 2 mg/kg IV) can be used
in combination with diazepam (0.2 mg/kg IV). With low doses,
anesthetic action will be reduced after redistribution of the drug
into body tissues. More commonly, injectable anesthetic induc-
tion in cats with renal disease is performed by administering
propofol (2 to 5 mg/kg IV) or etomidate (1.0 mg/kg IV) slowly
to effect.

Ruptured Urinary Bladder
Rupture of the urinary bladder is a surgical emergency. Animals
may become hyperkalemic, hyponatremic, hypochloremic, and
acidotic after urinary bladder rupture.33 Intravenous fluids, such
as 0.9% sodium chloride, should be given to aid in correcting
electrolyte imbalances. Potassium enters the abdominal cavity
from the ruptured bladder and is reabsorbed into the circulation,
causing an increased serum potassium concentration. An electro-
cardiogram should be evaluated prior to induction of anesthesia
to determine whether cardiac arrhythmias or evidence of hyper-
kalemia are present. Acute hyperkalemia (serum [K+] > 5.5
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mEq/L) should be treated prior to anesthesia. Anesthesia may be
induced by face-mask administration of isoflurane or sevoflu-
rane. Young foals (weighing < 200 kg) may be nasotracheally in-
tubated while awake and then induced rapidly with an inhaled
anesthetic. In larger foals, xylazine (1.1 mg/kg IV) or diazepam
(0.1 mg/kg IV) in combination with ketamine (2.2 mg/kg IV) can
be used for induction.34 Isoflurane and sevoflurane are preferred
over halothane because they possess less myocardial depressant
action and potentiation of catecholamine-induced cardiac ar-
rhythmias.35 Administration of dextrose-containing solutions
with or without insulin may be desired to counter hyperkalemia.
Positive-pressure ventilation may be used to prevent anesthetic-
associated hypercapnia and accompanying respiratory acidosis.
Appropriate monitoring should be used, including end-tidal car-
bon dioxide, pulse oximetry, arterial blood-gas analysis, arterial
blood pressure, and electrocardiogram assessment.
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Hepatic Blood Supply
Hepatic Insufficiency
Pharmacological Considerations for Patients with Hepatic Disease

Tranquilizers/Sedatives
Opioids
Thiobarbiturates
Propofol and Etomidate
Dissociative Anesthetics
Inhalation Anesthetics
Muscle Relaxants

General Guidelines for Patients with Hepatic Disease
Portosystemic Shunt

Hepatic Blood Supply
About 20% of cardiac output is continually being delivered to the
liver. Of this, the hepatic artery supplies 30% of the blood flow
and 90% of the oxygen, and the remainder is supplied by blood
flowing through the portal vein. Anesthetics may affect hepatic
blood flow by altering vascular tone in the hepatic artery, the por-
tal vein, or both (Table 40.1). Methoxyflurane decreases both
portal vein and hepatic arterial blood flow. Halothane decreases
portal vein blood flow but has only a slight effect, if any, on hepatic
arterial blood flow. Isoflurane decreases portal vein blood flow but
increases hepatic artery blood flow with a net overall increase in
flow. Nitrous oxide has no direct effect on liver perfusion. Sevo-
flurane and desflurane maintain hepatic artery and portal vein re-
sistance and are associated with decreased portal vein and total
hepatic blood flow.1 Hypercarbia has also been associated with de-
creased hepatic perfusion during anesthesia. Decreased blood flow
may occur in cirrhotic livers or patients with portocaval shunt syn-
drome. Detrimental effects of decreased blood flow are likely to be
more significant when an animal is hypotensive. Significant de-
creases in blood flow may be associated with decreased hepatic ex-
traction and, ultimately, elimination of drugs.2

Hepatic Insufficiency
Clinical signs of hepatic insufficiency include ascites, depres-
sion, seizures, jaundice, hepatic encephalopathy, anorexia, and
weight loss. Horses with colic have an increased incidence of
concurrent hepatic disease.3 Tests of substrate metabolism may
give an indication of hepatic function. Low values for albumin,
urea nitrogen, glucose, and cholesterol are associated with poor
hepatic function. Coagulation defects such as prolonged pro-
thrombin time, prolonged partial thromboplastin time, and in-

creased fibrinogen values may also indicate decreased hepatic
function. Bilirubin is formed by metabolism of degraded hemo-
globin by macrophages and carried by albumin to the liver for
conjugation to a diglucuronide. In the horse, fasting for more
than 24 h causes fatty acids to compete with bilirubin for hepatic
metabolism. In this way, hyperbilirubinemia frequently causes
icterus in anorexic horses. In dogs and cats, hyperbilirubinemia
may be due to prehepatic, hepatic, or posthepatic causes.

Blood ammonia concentration and retention of dyes such as
sulfobromophthalein (BSP) or indocyanine green (ICG) indicate
liver dysfunction as evidenced by the liver’s inability to eliminate
these substances in a normal manner. The dyes, like bile acids,
are more sensitive indicators of liver dysfunction than is a change
in bilirubin concentration.4 Bile acids are produced by the liver
and excreted in the bile. They undergo a process termed entero-
hepatic circulation. Following biliary excretion, bile acids are re-
absorbed by the ileum and enter the portal circulation. Bile acids
are then removed by the hepatocytes, leaving only a low concen-
tration to enter the systemic circulation during normal circum-
stances. Fasting does not affect bile acid concentration. Normal
fasting bile acid concentrations are below 5 mmol/L for cats,
below 10 mmol/L for dogs, and below 15 mmol/L for horses.

Postprandial blood samples will demonstrate an elevation in
bile acid concentration caused by gallbladder contraction. Within
2 h, as a result of gallbladder emptying, the liver can remove
most of the bile acids presented to it. Thus, a marked increase in
postprandial bile acid concentration indicates decreased hepatic
function or the presence of a portocaval vascular shunt. Normal
2-h postprandial concentrations of bile acids are below 15
mmol/L in cats and below 25 mmol/L in dogs. Because horses
lack a gallbladder, postprandial elevations in bile acid concentra-
tions are not expected. Use of bile acid concentrations to aid in
assessment of hepatic disease in horses is best when combined
with other tests of hepatobiliary function.5 Tests of cell mem-
brane integrity (i.e., alanine aminotransferase, �-glutamyltrans-
ferase, sorbitol dehydrogenase, and lactate dehydrogenase) and
serum alkaline phosphatase indicate hepatocellular damage but
may not reflect altered hepatic function.

Pharmacological Considerations for
Patients with Hepatic Disease
Tranquilizers/Sedatives
The use of acepromazine, droperidol, and �2-adrenergic agonists
should be avoided in patients with moderate to severe liver dis-
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ease. Hypotension may occur after administration of phenothi-
azine (acepromazine) or butyrophenone (droperidol) tranquiliz-
ers because of peripheral vasodilation mediated by �-adrenergic
blockade. Phenothiazine administration has also been associated
with thrombocytopathy and may exacerbate coagulopathy asso-
ciated with hepatopathy. Dysrhythmias such as bradycardia or
atrioventricular block and alterations of plasma glucose concen-
tration may occur after administration of xylazine or detomidine.
Diazepam is generally considered safe when used in intravenous
doses of less than 0.2 mg/kg because it causes minimal changes
in cardiovascular function. However, in animals with severe liver
dysfunction, the duration of action of benzodiazepines may be
significantly prolonged because of decreased hepatic biotrans-
formation. Diazepam may not consistently tranquilize healthy
young animals but frequently produces tranquilization in animals
with liver disease. When diazepam is administered intravenously,
it should be injected slowly to decrease vessel irritation and pre-
vent hypotension associated with the propylene-glycol carrier.
Use of benzodiazepines in animals exhibiting signs of hepatic en-
cephalopathy is controversial.

Opioids
These can be used in patients with liver disease. Morphine and
meperidine can cause release of histamine, which may cause hy-
potension and a decrease in total hepatic blood flow. Morphine
also constricts the sphincter of Oddi in people, yet the signifi-
cance in obstructive biliary disease in animals is unknown.
Opioid side effects should be treated if they appear to affect car-
diac or respiratory function. Opioid-induced bradycardia may
decrease cardiac output and should be prevented by administra-
tion of an anticholinergic agent. Respiratory depression from
opioids may lead to decreased oxygen delivery to all body tis-
sues, including the liver. Careful dose titration of the opioid an-
tagonist naloxone can relieve depression of respiration while
maintaining some of the analgesic and sedative effects of the
opioid agonist. Butorphanol and buprenorphine are associated
with less respiratory depression than other opioid agonists and
may be reasonable choices for patients with hepatic disease
when maximal opioid analgesia is not required. Fentanyl, deliv-
ered by continuous-rate intravenous infusion, enables rapid indi-
vidual patient dose titration and is an effective and reasonably
safe method for providing opioid analgesia to patients when
liver function is unknown.

Thiobarbiturates
These should be used in low doses or their use avoided in patients
with liver disease. A single, intubating dose of thiobarbiturate is
not necessarily contraindicated because it will be redistributed
from the brain to less well perfused tissues, terminating the anes-
thetic effect. However, liver disease may affect the duration and
depth of thiobarbiturate-induced anesthesia because of increased
sensitivity of the central nervous system or hypoalbuminemia
and decreased protein binding of the anesthetic. Anesthesia
should not be maintained by redosing thiobarbiturates in patients
with liver disease.

Methohexital is a methylated oxybarbiturate, and although it is
more rapidly metabolized than thiobarbiturates, it is associated
with excitation and possible seizures during the recovery period.
For this reason, methohexital should be avoided in patients with
hepatic encephalopathy.

Propofol and Etomidate
Propofol is an alkylphenolic compound used for induction of
anesthesia that is supplied in a lecithin emulsion, giving it a milky
white appearance. Redistribution and metabolism of propofol
after a single injection are extremely rapid. The total body clear-
ance of propofol exceeds hepatic blood flow, indicating sites other
than the liver (e.g., lung) may play a role in its elimination.
Propofol is about 90% excreted by the kidneys as glucuronate-
conjugated metabolites.6 Because of its dependence on glucuro-
nidation for biotransformation, cats appear to have a more pro-
longed duration of propofol-induced sedation and hypnosis
compared with dogs, especially following large or repeated doses.
Indications for use of propofol are similar to those for the thiobar-
biturates. The major advantage of propofol over a thiobarbiturate
is the rapid rate of propofol elimination. In dogs, the incidence of
apnea immediately after injection seems to be greater than that as-
sociated with thiobarbiturates.

Etomidate is an imidazole compound used for induction of
anesthesia. It is supplied as a weak base in a propylene-glycol ve-
hicle. As with other drugs formulated with propylene glycol, it
can be irritating when injected intravenously.7 Etomidate does
not decrease hepatic perfusion. It has a short duration of action,
primarily because of rapid redistribution from the brain to mus-
cle tissue. Etomidate is metabolized by the hepatic microsomal
enzyme system, as well as by plasma esterases. The total body
clearance rate for etomidate is five times as fast as for thiopental,
although clinically the duration of action is similar after a single
dose.4 Etomidate has been shown to cause adrenocortical sup-
pression with repeated administration.8 The importance of etomi-
date-associated inhibition of steroidogenesis after single-bolus
administration in patients with hepatic disease is unknown. In
both humans and dogs, etomidate continuous-rate intravenous in-
fusion has been associated with hemolysis.9,10 Hemolysis ap-
pears to be caused by the propylene-glycol vehicle in which eto-
midate is formulated. In dogs, red blood cell counts during and
10 min after termination of a 60-min infusion of etomidate were
not significantly different from preinfusion values.10 All dogs in
the aforementioned study appeared normal after recovery from
anesthesia maintained with etomidate. Thus, the clinical signifi-
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Table 40.1. Effect of inhaled anesthetics on hepatic blood flow

Agent Portal Vein Hepatic Artery

Desflurane Decrease No change
Halothane Decrease Decrease or no change
Isoflurane Decrease Increase
Nitrous oxide No direct effects
Sevoflurane Decrease No change
Methoxyflurane Decrease Decrease



cance of etomidate-induced or propylene-glycol-induced hemol-
ysis in dogs is not clear. Etomidate appears to be a reasonable
drug choice for induction of anesthesia in patients with cardiac
and/or hepatic disease.

Dissociative Anesthetics
Dissociative anesthetics such as tiletamine (Telazol) or ketamine
are generally acceptable for induction of anesthesia in patients
with hepatic disease. Intravenous administration is preferred in
order to minimize the dose required for tracheal intubation. In
dogs, these drugs are largely metabolized by the liver, so mainte-
nance of anesthesia should be with an inhalant. Dissociative
anesthetics may induce seizures in dogs or cats. In cats, ketamine
is metabolized to a lesser extent by the liver to form norketamine,
which has about 10% of the activity of ketamine.

Zolazepam, the benzodiazepine tranquilizer in Telazol, has
been suspected of causing the prolonged recovery after intramus-
cular injection in cats. Flumazenil has been used intravenously
(0.1 mg/kg) to antagonize midazolam in cats anesthetized with a
combination of ketamine and midazolam.11 Zolazepam’s effect
in cats is similarly antagonized by flumazenil, providing an alter-
native to the apparently slow hepatic metabolism of the benzodi-
azepines in this species.

Inhalation Anesthetics
Inhalation anesthetics are the best choices for maintenance of
anesthesia in patients with severe liver disease. Halothane de-
creases hepatic blood flow and is metabolized up to 20% by the
liver.12 Halothane anesthesia in ponies is associated with de-
creased bile acid excretion and increased conjugated bilirubin ex-
cretion.13 It is recommended that halothane be avoided, if possi-
ble, in patients with liver disease. However, the presence of
hepatic disease does not necessarily result in increased hepato-
toxicity when a patient is subsequently exposed to an unpre-
dictable hepatotoxin such as halothane.14 Halothane has been im-
plicated in causing liver disease in people and possibly in
animals. This is a problem in about one of every 6000 to 10,000
people and is probably genetically related.15,16 Halothane is me-
tabolized to trichloroacetic acid, which may undergo reductive
metabolism to produce hepatotoxins during hypoxic conditions.
Studies indicate that the trifluoroacetate metabolite of halothane
combines with a hepatic protein, resulting in the formation of a
hapten.17–19 The trifluoroacetate hapten is subsequently attacked
by serum antibodies, causing hepatitis. A clinical test for this
hapten is not yet available for animals. In a study of goats hyper-
immunized for production of anti–human-lymphocyte serum that
were subsequently exposed to 3, 6, or 9 h of halothane anesthe-
sia, seven (24%) of 29 showed evidence of hepatic necrosis.20 A
rat model of halothane-induced hepatopathy showed that hepatic
hypoxia was required to produce symptoms.21 To ensure ade-
quate blood pressure, flow, and oxygen delivery during anesthe-
sia, precautions should be taken when using halothane (or any
other anesthetic!). In preventing the occurrence of postanesthetic
hepatopathy, prevention of hepatic hypoxia during inhalation
anesthesia is probably more important than choice of anesthetic.

Methoxyflurane decreases hepatic blood flow, and up to 50%

of an inhaled dose is metabolized by the liver.22 In addition, ox-
alate and free fluoride-ion metabolites of methoxyflurane are po-
tential renal toxins. Of the volatile anesthetics, methoxyflurane is
associated with the highest metabolite production of fluoride ion.

Isoflurane increases hepatic artery blood flow in humans,
whereas halothane preserves hepatic arterial flow at 1 MAC but
decreases it at 2 MAC.23 Less than 1% of inhaled isoflurane is
metabolized. It has not been associated with hepatic or renal tox-
icity.24 Cardiovascular function during isoflurane anesthesia is
less depressed than with halothane or methoxyflurane. The
higher cardiac output associated with isoflurane anesthesia is
likely to maintain better hepatic perfusion and oxygen delivery
than is halothane. Thus, isoflurane appears to be a good choice
for maintenance of anesthesia in patients with hepatic disease.

Biotransformation of sevoflurane (3% to 5%) is less than
halothane but more than isoflurane or desflurane.25 Production of
the trifluoroacetic acid hapten is extremely low and unlikely to
induce an immune response such as the well-documented
halothane hepatopathy. Free fluoride–ion production after expo-
sure to sevoflurane is comparable to that from desflurane.25

Sevoflurane reduces portal vein flow and oxygen delivery more
than isoflurane. Hepatic artery flow increases in pigs concur-
rently receiving nitrous oxide and sevoflurane. Other studies
have shown no change in hepatic artery flow associated with
clinically useful concentrations of sevoflurane. Animal models
therefore demonstrate that sevoflurane maintains good hepatic
blood flow and liver oxygenation when administered at concen-
trations less than 2 MAC.25

The effects of desflurane on hepatic blood flow are similar to
those of halothane (Table 40.1). Desflurane differs from isoflu-
rane structurally only by substitution of a fluorine atom for a
chlorine atom. The substitution of a fluorine atom for other halo-
gens generally makes a molecule more stable in terms of bio-
transformation. Indeed, desflurane metabolism to free fluoride
ion is less than that of isoflurane.26 Because of its low metabo-
lism, low blood solubility (enabling rapid induction and recovery
from anesthesia), and cardiovascular stability (maintaining he-
patic perfusion), desflurane would appear to be a good anesthetic
for patients with hepatic disease.

Nitrous oxide has been used in patients with hepatic disease in
an effort to decrease the amount of volatile anesthetic required
for anesthesia. There are no reports of direct hepatic injury
caused by exposure to nitrous oxide as used in clinical practice.
There is evidence of hepatic injury (centrilobular necrosis)
caused by nitrous oxide in the hypoxic rat model.27 It is unknown
whether this mechanism of hepatic injury in hypoxic rats is the
same as for halothane.

Muscle Relaxants
Nondepolarizing muscle relaxants such as pancuronium and ve-
curonium are metabolized by the liver. Effects of these relaxants
may be prolonged in patients with hepatic disease. Concurrent
administration of aminoglycoside antibiotics with nondepolariz-
ing muscle relaxants may also prolong neuromuscular block-
ade.28 This is likely to be a problem in large animals such as
horses, for which prolonged recumbency may adversely affect
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recovery to standing. Atracurium is a nondepolarizing muscle re-
laxant whose metabolism is independent of hepatic function.
Atracurium undergoes plasma degradation via a metabolic path-
way termed Hofmann elimination that depends primarily on
plasma pH and temperature.29 For patients with hepatic disease
requiring neuromuscular blockade, atracurium seems to be a
good choice.

Succinylcholine is a depolarizing muscle relaxant that is de-
graded by plasma cholinesterase. Cholinesterases are produced
by the liver. Organophosphate compounds have cholinesterase-
inhibiting activity and may potentiate the action of succinyl-
choline.30 The phenothiazine tranquilizers (e.g., acepromazine)
may inhibit cholinesterase activity, so succinylcholine should be
used cautiously in patients medicated with acepromazine. The
use of both acepromazine and succinylcholine should be avoided
in patients with hepatic disease.

Centrally acting muscle relaxants such as guaifenesin (glyc-
eryl guaiacolate) or mephenesin are metabolized by the liver.31,32

Although the margin of safety for use of guaifenesin is wide, side
effects following administration of large doses include moder-
ate hypotension, decreased tidal volume, and concentration-
dependent hemolysis. Toxic effects may be caused by the meta-
bolite catechol, which causes seizures, opisthotonos, prolonged
incoordination, and respiratory paralysis. Increased incidence in
side effects or occurrence of toxic effects may be observed when
guaifenesin is administered to animals with hepatic disease.

General Guidelines for Patients with
Hepatic Disease
Hepatic disease affects several vital body functions, with signifi-
cant impact on anesthetic considerations (Table 40.2). Most in-
jectable anesthetics are metabolized by the liver, so elimination
may be significantly slowed in animals that are hypothermic. Use
of heated circulating water blankets and administration of warm
intravenous or irrigation fluids is advised. The advent of force
air-warming systems (e.g., Bair Hugger) has dramatically re-
duced intraoperative and postoperative hypothermia.

Glucose metabolism is frequently affected by hepatic disease.
Homeostasis of glucose can be maintained with loss of up to 80%
of functional liver mass. Nevertheless, patients with severe he-
patic disease that are stressed by anesthesia and surgery may be-
come hypoglycemic. Hypoglycemia is present in 35% of dogs
with portocaval shunts.33 For this reason, blood glucose concen-
tration is routinely determined and glucose administered in com-
bination with isotonic crystalloids when indicated. If not cor-
rected, hypoglycemia may delay recovery from anesthesia.

Excessive weight of ascitic fluid may impede lung expansion
and pulmonary function. Ascitic fluid should be removed prior to
anesthesia. Rapid removal of a large quantity of fluid may cause
a fluid shift from the vascular space to the abdominal cavity as
the formation of ascites continues. This can cause serious hypo-
volemia and cardiovascular compromise. Hypoalbuminemia is
often present in patients with liver disease. When the albumin
concentration is less than 1.5 g/dL, the plasma oncotic pressure
is decreased such that pulmonary edema may occur following in-

travenous fluid administration with crystalloids. Arterial blood
pressure may be difficult to maintain when plasma oncotic pres-
sure is significantly decreased. Replacement of albumin and
plasma proteins is indicated in these cases. If matched plasma
from a donor animal is not available, dextran 70 (up to 20 mL/kg)
or Hetastarch (10 to 20 mL/kg) may be administered. Although
dextran will aid in reestablishing plasma oncotic pressure, its du-
ration of effect is not as great as that of plasma. Human albumin
solution (2.5 to 5.0 mL/kg intravenously) has been used in dogs
and cats, as well.

Seizures caused by hepatic encephalopathy may require treat-
ment. Diazepam or phenobarbital is commonly used to control
seizures, but both drugs are metabolized by the liver, and signif-
icantly altered pharmacokinetics may result in prolonged dura-
tion of action. Avoid the use of anesthetics that may induce
seizure activity, such as enflurane, ketamine, tiletamine
(Telazol), or methohexital. There may be increased cerebral sen-
sitivity to �-aminobutyric acid (GABA) in some patients with he-
patic disease. This increased sensitivity to GABAergic inhibition
within the central nervous system may enhance the depressant ef-
fects of the barbiturates and benzodiazepine tranquilizers.

When there is concern about an animal’s ability to metabolize
anesthetics because of hepatic disease, use of local anesthesia
may be considered as an adjunct to general anesthesia or as a sub-
stitute when appropriate. Although animals that are not depressed
usually require tranquilization for effective use of local anesthe-
sia, those with hepatic disease are likely to be depressed and
therefore may require less tranquilization or sedation. Local anes-
thetics of the ester class (e.g., procaine and tetracaine) are metab-
olized by plasma cholinesterases produced by the liver, whereas
the amide class (lidocaine, mepivacaine, and bupivacaine) is di-
rectly metabolized by the liver. For this reason, the generalized ef-
fects of local anesthetics may be prolonged and the toxic effects
more apparent in patients with severe hepatic disease. This is un-
likely to be a major deterrent for their clinical use, however.

Because of the liver’s role in production of coagulation factors,
the coagulation profile (one-stage prothrombin time and acti-
vated partial thromboplastin time) should be evaluated before
surgery in patients with hepatic disease. If coagulopathy exists,
fresh-frozen plasma or whole blood should be available and ad-
ministered. Additionally, some hepatic neoplasms are associated
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Table 40.2. General guidelines for patients with hepatic disease

Evaluate coagulation profile prior to surgery
Use rapidly eliminated agents when appropriate (e.g., inhalant 

anesthetics and propofol)
Monitor hydration status
Monitor blood glucose, plasma albumin, and total protein 

concentrations
Monitor and maintain arterial blood pressure greater than 60 

mmHg
Maintain eucapnia using appropriate ventilatory support
Be prepared to treat seizures with diazepam
Be aware of potential thromboembolic complications



with significant abdominal hemorrhage and thrombocytopenia. A
complete blood count with an estimate of the platelet concentra-
tion should be performed as part of the diagnostic workup.

Little is known about the influence of specific anesthetic tech-
niques on coagulation in animals. In dogs, platelet aggregation
was significantly decreased after administration of acepromazine
and atropine but returned to normal during subsequent halothane
anesthesia and surgery.34 Coagulation deficiencies such as throm-
bocytopenia, thrombocytopathy, increased prothrombin time,
increased activated partial thromboplastin time, hypofibrinogene-
mia, increased fibrin degradation products, and decreased an-
tithrombin have been observed in dogs with gastric dilation–
volvulus.35 In dogs undergoing colonic anastomosis, there was
less intraoperative bleeding and more advanced healing (detected
histologically) 1 and 7 days after surgery following administration
of epidural bupivacaine and general anesthesia when compared
with general anesthesia alone.36 Much work remains to be done to
identify anesthetic techniques having the least effect on normal
coagulation and healing during the convalescent period.

Portosystemic Shunt
Dogs with this congenital vascular anomaly are usually gaunt and
small for their breed and age. Anesthetic management of dogs
with portocaval shunt should be based on presenting clinical signs
and physical status (Table 40.3). Signs of hepatic encephalopathy
and hypokalemia may be present. Hypokalemia in animals with
portocaval shunt may be caused by gastrointestinal (vomiting and
diarrhea) or urinary loss (diuresis). Hypokalemia ([K+] < 3.5
mEq/L) should be corrected gradually prior to anesthesia.
Intravenous potassium administration should not exceed the rate
of 0.5 mEq · kg�1 · h�1.

Chronic hepatic dysfunction may be associated with increased
GABAergic sensitivity and permeability of the blood-brain bar-
rier. The effect of anesthetics and anesthetic adjuncts may be
greater than expected and unpredictable. Diazepam has been
used as a preanesthetic medication in dogs with portocaval shunt.
However, reduced dosage requirements for benzodiazepines in
cases of hepatic disease have been reported.37,38 Further, cases of
fatal hepatic toxicosis associated with benzodiazepine adminis-
tration have been observed in cats. Antagonists of the benzodi-
azepine receptor, such as flumazenil, have ameliorated signs of
encephalopathy in a woman and in animal models of portocaval
shunt.37–39 The value of flumazenil in the perioperative manage-
ment of dogs with portocaval shunt is controversial and remains
to be determined.

Animals with portocaval shunt may have hepatic insufficiency.
When termination of action is highly dependent on drug hepatic
metabolism (e.g., ketamine, acepromazine, xylazine, and di-
azepam), the use of such drugs should be avoided. Drugs that are
highly protein bound (e.g., barbiturates) will be more active in
animals with hypoalbuminemia. Drugs such as methohexital and
ketamine that may induce seizure activity are contraindicated in
animals with hepatic encephalopathy. Of the inhaled anesthetics,
methoxyflurane undergoes the greatest metabolism by the liver.
Thus, elimination of methoxyflurane may be prolonged in ani-

mals with portocaval shunt. The use of halothane may cause he-
patopathy in animals with poor hepatic perfusion and oxygena-
tion, and therefore should be avoided in patients with portocaval
shunt. Isoflurane, sevoflurane, or desflurane are suitable anes-
thetics for patients with this condition. Mask induction and
maintenance with an inhalant are reasonable for animals with
portosystemic shunts displaying advanced signs of hepatic dys-
function. Opioids may be used as analgesic supplements prior to
or following anesthesia for surgical correction of the shunt.

Arterial blood pressure should be monitored during portocaval
shunt surgery. Hypoalbuminemia and hypothermia predispose
patients to hypotension that may be exacerbated by isoflurane-
induced peripheral vasodilation. Judicious use of plasma, dextran
70 (10 to 20 mL/kg given over 1 h) or hetastarch to aid in main-
tenance of plasma oncotic pressure may be indicated. At high
concentrations of isoflurane, myocardial contractility and cardiac
output are also decreased. Hypotensive patients with portocaval
shunt may fail to respond to catecholamine infusions such as
dobutamine or dopamine. Surgical retraction of the liver or com-
pression of the caudal vena cava may further decrease venous re-
turn, cardiac output, and arterial blood pressure.

Intraoperative management of patients for correction of porto-
caval shunt is often uneventful until the shunt is ligated. In nor-
mal dogs, portal pressure is reported to be between 8 and 13 cm
H2O, whereas portal pressure in dogs with portocaval shunt is
usually lower.40 Following surgical correction of the shunt, por-
tal venous pressure should not be more than 9 to 10 cm H2O
above baseline measurement, or a maximum of 20 to 23 cm H2O.
Intraoperative measurement of central venous pressure is useful
for estimating portal resistance and for predicting the develop-
ment of postoperative portal hypertension.41 A decrease in cen-
tral venous pressure after ligation of a single portocaval shunt in-
dicates decreased blood transit from the intestine to the vena
cava. Central venous pressure should not decrease by more than
1 cm H2O from baseline measurement at 3 min after ligation to
avoid postoperative portal hypertension.42

Animals with portocaval shunts or intestinal ischemia may
have increased absorption of endotoxin. Medical management of
these patients includes fluid administration (e.g., 0.9% or 0.45%
sodium chloride combined with 2.5% dextrose), potassium sup-
plementation, dietary management, and appropriate antibiotic
therapy to reduce toxin production from enteric bacteria.43

Hepatic Disease ● 925

Table 40.3. Problems associated with portocaval shunt

Problem Significance

Weight loss May affect drug dose or disposition
Hypoalbuminemia May affect drug dose, disposition, or 

plasma oncotic pressure
Hepatic shunt Loss of hepatic metabolism of drugs
Low bile salts Increase in absorption of intestinal 

endotoxin
Portal hypertension May require second surgery and central 

venous pressure monitoring
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Conditions Associated with the Oral Cavity and Pharynx
Removal of Esophageal Foreign Bodies
Anesthesia for Dogs with Gastric Dilation-Volvulus
Anesthetic Management of Horses with Acute Abdominal Distress
Displaced Abomasum
Disorders of the Pancreas
Obesity

Conditions Associated with the Oral
Cavity and Pharynx
Animals with trauma or space-occupying masses of the head and
neck frequently require general anesthesia. These patients are
often difficult to intubate to secure and maintain a patent airway.
Fractures of the mandible, maxilla, or temporomandibular joint
may not permit examination to determine the range of jaw mo-
tion. Masticatory myositis may prevent opening of the mouth
even while the patient is anesthetized. General anesthesia with-
out a secure airway may result in aspiration, which can be fatal.
Anesthetic management of these conditions should be initiated
by preparing for placement of a tracheostomy tube. In dogs, a
combination of intramuscular (IM) acepromazine (0.05 mg/kg)
and intravenous (IV) hydromorphone (0.2 mg/kg) will induce a
neuroleptanalgesic state with sufficient muscle relaxation to en-
able examination of the mouth and jaw. If the animal’s laryngeal
function or its ability to open its mouth is questionable, IV fen-
tanyl (0.005 mg/kg) should be substituted for hydromorphone
because there is a small, but real, risk of vomiting associated with
hydromorphone administration. Owing to opioid-induced brady-
cardia, premedication with an anticholinergic agent is recom-
mended. In dogs weighing over 18 kg, a maximum dose of 4 mg
of hydromorphone is suggested to prevent excessive respiratory
depression. In cats, a low dose of ketamine (4 mg/kg IM) com-
bined with acepromazine (0.05 mg/kg) usually enables examina-
tion of the oral cavity.

IM or subcutaneous (SC) administration of xylazine in dogs or
cats may cause emesis (Table 41.1). Dogs and cats with oral or
pharyngeal masses are at high risk for aspiration pneumonia, so
the use of xylazine, medetomidine, morphine, and other drugs
that commonly induce emesis should be avoided. Xylazine ad-
ministration in large animals is not associated with emesis and
may be used to sedate horses (0.5 to 1.0 mg/kg IV) or cattle (0.1
mg/kg IM) for oral examination.

Removal of Esophageal Foreign Bodies
General anesthesia may be required for removal of esophageal
foreign bodies in a variety of species. In a horse that has a for-
eign object lodged in the esophagus (i.e., choke), passage of a na-
sogastric tube or endoscope is facilitated by sedation with xy-
lazine (0.5 mg/kg) or detomidine (10 to 20 µg/kg). If the foreign
body cannot be retrieved or dislodged, the horse is anesthetized.
Relaxation of the striated muscular coat of the esophagus may
aid in removal of the obstruction. Skeletal muscle relaxation is
enhanced at deeper planes of anesthesia. Muscle relaxation may
also be improved by induction of anesthesia with guaifenesin
(5% solution in 5% dextrose combined with 0.3% thiopental
given to effect) or by administration of a neuromuscular blocker.
In horses and cats, the proximal two-thirds of the esophagus has
a striated muscle layer, whereas in dogs, the entire esophagus
contains striated muscle.1 General anesthesia is required for en-
doscopic foreign-body removal in dogs and cats. In anesthetized
dogs and horses, skeletal muscle relaxation of the esophagus may
be improved with a short-acting muscle relaxant (e.g.,
atracurium, 0.2 mg/kg IV). Administration of atracurium must be
accompanied by tracheal intubation and support of ventilation. In
some species, esophageal stricture can be a sequelae to esopha-
geal foreign bodies. These patients require general anesthesia in
order to perform balloon dilation or bougienage.

Anesthesia for Dogs with Gastric
Dilation-Volvulus
It has been estimated that there are between 40,000 and 60,000
cases of canine gastric dilation-volvulus per year in the United
States.2 The condition is associated with multiple system prob-
lems (Table 41.2) resulting in a high mortality rate (40% to
60%).2 Stomach distention severely restricts ventilation and de-
creases cardiac function. Metabolic alkalosis may develop from
gastric sequestration of hydrogen ions. Later in the course of the
disease, metabolic acidosis may occur from decreased cardiac
output and poor ventilation, resulting in tissue hypoxia and lac-
tate production. Consequently, cardiac arrhythmias such as sinus
tachycardia, atrial fibrillation, ventricular tachycardia, or ventric-
ular premature contractions are frequently observed. Because the
metabolic status is difficult to predict, it is suggested that serum
electrolytes, blood pH, and plasma bicarbonate concentration be
measured prior to anesthesia. In one study, hypokalemia was
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present in 33% of the dogs with gastric dilation-volvulus.3

Electrolyte abnormalities, acid-base imbalance, and gastric dis-
tension should be corrected as soon as possible. The derange-
ments in acid-base balance frequently precipitate shock if left un-
treated. Restoration of circulating plasma volume should be
initiated using high doses of isotonic saline solution (90 mL/kg
IV) or hypertonic saline solution (7%, 4 mL/kg IV). In dogs with
experimentally induced gastric dilation-volvulus and shock, a
combination of 7% hypertonic saline in 6% dextran 70 (5 mL/kg
IV) was superior to isotonic saline (60 ml/kg IV) for resuscita-
tion.4 It is suggested that fluids be administered through one or
two large-bore IV catheters.

Cardiac arrhythmias should be identified and treated prior to
induction of anesthesia. In many cases, cardiac arrhythmias may
not require antiarrhythmic agents and may respond to fluid ther-
apy and correction of acid-base and/or electrolyte abnormalities.
If antiarrhythmic therapy is necessary, lidocaine (2 to 4 mg/kg
slow IV bolus followed by 25 to 100 µg · kg�1 · min�1) and pro-
cainamide (0.5 to 2.0 mg/kg IV, and then 20 to 40 µg · kg�1 ·
min�1) separately or in combination have been used for treating
premature ventricular contractions or ventricular tachycardia.
Quinidine (6 to 8 mg/kg IM, every 6 h) has also been recom-
mended for treatment of arrhythmias in dogs with gastric
dilation-volvulus. Postoperative treatment of cardiac arrhythmias
may also be necessary. A continuous lidocaine infusion may be
prepared by adding 25 mL of 2% lidocaine to each 500 mL of IV
fluid administered at a rate of 50 to 100 µg · kg�1 · min�1.

Administration of oxygen via face mask should begin before
induction of anesthesia. The use of large doses of arrhythmo-
genic anesthetic agents such as thiobarbiturates or halothane
should be avoided. The use of �2-agonists should be avoided in
these cases because they may cause aerophagia and depressed
cardiac output.5 In addition, xylazine causes decreased gastro-
esophageal sphincter pressure and may allow increased gastric
reflux.6 �2-Agonists decrease intestinal motility in dogs and may
prolong recovery of normal gastrointestinal function following
correction of gastric distension.7 Neuroleptanalgesic combina-
tions such as diazepam (0.2 mg/kg IV) and hydromorphone (0.1
mg/kg IV) are good choices for induction of anesthesia in dogs
with unstable cardiovascular function. Opioids may decrease in-
testinal motility, but this effect is usually of minor clinical signif-
icance.8 Propofol or diazepam-ketamine has also been suggested

as a good choice for induction of anesthesia. For maintenance of
anesthesia, isoflurane or sevoflurane would be excellent in-
halants. Nitrous oxide is contraindicated prior to gastric decom-
pression because it will equilibrate with gas in the stomach, in-
creasing the intragastric volume and pressure.

Succinylcholine initially causes contraction of skeletal muscle.
The distended stomach is predisposed to rupture if succinyl-
choline is administered prior to relief of excessive gastric pres-
sure. If a neuromuscular blocking agent is used in the anesthetic
management of gastric dilation-volvulus, it should be a nondepo-
larizing drug such as pancuronium or atracurium.

Of the dogs that die of gastric dilation-volvulus, 50% die on
the day of surgery.9 Death is usually associated with septic shock
or peritonitis secondary to gastric necrosis or perforation.10

Reperfusion injury has also been implicated as a factor associ-
ated with the high mortality from this condition.11 Iron-chelating
drugs such as deferoxamine have been evaluated for their abil-
ity to decrease injury in anoxic tissues that are subsequently
reperfused.

Anesthetic Management of Horses with
Acute Abdominal Distress
Acute abdominal distress in horses is often characterized by se-
vere pain. Pain elicits a variety of responses that include release
of catecholamines and corticosteroids.12 The stress response and
sympathetic stimulation resulting from pain are detrimental to an
animal’s well-being. It is often difficult to perform diagnostic
procedures or examine a horse in severe pain. Judicious use of
analgesics in horses with acute abdominal distress is essential.

Because of their strong analgesic and sedative effects, the �2-
agonists have been used extensively in horses with acute abdom-
inal pain. Depending on the amount of xylazine, detomidine, or
romifidine administered in the preoperative period, the induction
dose of anesthetic may need to be decreased. Cardiovascular de-
pression associated with �2-agonists will often persist longer
than either sedation or analgesia. Even though the sedative ef-
fects of these drugs may have waned, the anesthetic requirement
will be decreased. At a comparable dose, detomidine is more po-
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Table 41.1. Gastrointestinal effects of drugs used during anesthesia.

Drug Effect

Acepromazine Antiemetic
Atropine Decreased motility
Cholinesterase inhibitors Increased motility
Detomidine Decreased motility
Diazepam Appetite stimulant
Halothane Decreased mucosal blood flow
Morphine Emetic and gastrointestinal stimulant
Xylazine Decreased motility; emetic

Table 41.2. Problems associated with gastric dilation-volvulus.

Problem Significance

Acidosis/alkalosis Measure pH
Cardiac arrhythmias Attempt correction prior to 

anesthesia
Gastric necrosis May cause arrhythmias
Hypokalemia/hyperkalemia Measure K+
Impaired venous return Correct by decompressing stomach

Treat shock
Respiratory impairment Correct by decompressing stomach

Ventilate
Peritonitis Begin antibiotics; poor prognosis
Shock Correct underlying problems



tent than xylazine and has a longer analgesic and sedative ac-
tion.13–15 High doses of detomidine (i.e., 0.02 mg/kg IV) de-
crease cardiac output by 50%.16 The duration of cardiovascular
side effects may limit the use of detomidine and romifidine as
premedicants for horses undergoing surgery to correct intestinal
problems.

Xylazine is a suitable alternative to detomidine in compro-
mised horses. However, the usual 1.1 mg/kg IV dose of xylazine
is often decreased to prevent excessive cardiovascular depression.
Xylazine prolongs gastrointestinal transit time in a variety of
species.17 In horses, xylazine (0.55 mg/kg IV) has been shown to
decrease the motility index of circular and longitudinal muscle
layers for 30 min.18 In ponies, xylazine (1.1 mg/kg IV) increased
intestinal vascular resistance, motility, and oxygen consump-
tion.19 In a study of cecal and right ventral colon myoelectric ac-
tivity in ponies, xylazine (0.5 mg/kg IV) and/or butorphanol (0.04
mg/kg IV) resulted in decreased coordinated spike bursts for 20
min or longer.20 It should be appreciated that the results of these
studies were derived from horses or ponies with healthy gastroin-
testinal function. Clinically, it appears that these effects are rarely
a disadvantage to using xylazine for preanesthetic medication in
horses with colic. Furthermore, a study comparing myoelectric
activity in equine intestine following three anesthetic regimens
found no prolonged effect associated with (a) xylazine and keta-
mine, (b) thiopental and halothane, or (c) thiopental in guaifen-
esin and halothane.21 The conclusion was that the particular regi-
men of general anesthesia is relatively unimportant in the
development of motility disturbances in horses after anesthesia.

Excessive cardiovascular depression is avoided in compro-
mised patients by decreasing the preanesthetic dose of xylazine
(0.1 to 0.5 mg/kg IV) and the subsequent administration of di-
azepam (0.02 to 0.04 mg/kg IV) or guaifenesin (55 to 80 mg/kg
IV) when inducing anesthesia with ketamine (1 to 2 mg/kg IV).
Induction may be accomplished with ketamine as a bolus or in
combination with guaifenesin (1 to 2 g ketamine/1 L 5% guaife-
nesin). An alternative induction regimen is to combine thiopental
(2 to 4 mg/kg) with guaifenesin, given to effect. Induction of
anesthesia when using thiopental and guaifenesin does not de-
pend on preanesthetic heavy sedation and muscle relaxation to
prevent rigidity or excitement as does induction with ketamine.

Anesthesia may be maintained with either halothane or isoflu-
rane (1.5% to 2.5%) in oxygen. Halothane has been associated
with a 62% decrease in intestinal blood flow in ponies anes-
thetized at 1 minimal alveolar concentration (MAC).22 However,
clinically significant deleterious effects of halothane on recovery
from colic surgery have not been demonstrated. Horses anes-
thetized with isoflurane have higher cardiac outputs than horses
anesthetized with a similar MAC of halothane.23 Isoflurane anes-
thesia in horses undergoing surgery for colic is associated with a
higher heart rate and lower arterial CO2 concentration as com-
pared with halothane.24 Horses anesthetized with isoflurane re-
cover more rapidly than those anesthetized with halothane.24,25

Thus, there are several advantages to using isoflurane over halo-
thane for horses undergoing surgery for colic.

Damaged intestinal tissue may release toxins into the systemic
circulation, which can lead to cardiovascular dysfunction and de-

creased tissue perfusion. Release of eicosanoids (leukotrienes,
prostacyclins, prostaglandins, and thromboxanes) has been asso-
ciated with colonic volvulus in ponies.26 Administration of flu-
nixin meglumine may counteract the deleterious effects of toxins
released during abdominal surgery. In addition, generation of
free radicals in the equine intestine following anoxia and subse-
quent reoxygenation has been demonstrated in vitro.27 Such
studies may be the basis for the empirical intraoperative treat-
ment of certain cases of equine colic with free-radical quenchers
such as dimethylsulfoxide (DMSO).

Opioid agonists such as oxymorphone, morphine, and meperi-
dine can be safely used in horses experiencing pain.28 These drugs
frequently induce undesirable excitement in horses that are pain
free, unless preceded with a suitable sedative or tranquilizer (e.g.,
xylazine or acepromazine). Use of an opioid agonist-
antagonist such as butorphanol may be advantageous because this
drug provides analgesia but has a “ceiling” on respiratory depres-
sion.29 However, numerous other pain medications also are suit-
able for use in horses, including nonsteroidal anti-inflammatory
drugs, local anesthetic agents, and �2-adrenoceptor agonists.30

In addition to pain control, support of the respiratory and car-
diovascular systems is paramount in managing anesthesia for
colic surgery. The bulk and weight of the gastrointestinal tract
filled with ingesta and/or gas impair venous return to the heart
and consequently decrease cardiac output. Diaphragmatic excur-
sion and pulmonary function are impaired by a full stomach dur-
ing anesthesia. These effects decrease tissue perfusion and oxy-
genation, creating metabolic acidosis and complicating the
anesthetic management of horses. Evaluation of acid-base status
will aid in determining adequacy of ventilation. Respiratory aci-
dosis (pH < 7.2) can be avoided by use of controlled ventilation.
Aggressive fluid therapy with lactated Ringer’s solution will aid
in correcting mild to moderate metabolic acidosis if normo-
volemia is reestablished.31 It is not uncommon for a horse to re-
quire 30 L or more of isotonic IV fluids during colic surgery.

Monitoring arterial blood pressure is recommended in all
species to provide some indirect information concerning cardiac
output and tissue perfusion. Low tissue perfusion has been impli-
cated in the occurrence of postanesthetic myositis.32 Mainten-
ance of a mean arterial blood pressure above 70 mm Hg may be
achieved by fluid administration, by adjusting anesthetic depth,
and by careful infusion of dobutamine (3 to 5 µg · kg�1 · min�1

IV) or another sympathomimetic drug. Improved cardiac output
will result when IV fluids are administered to hemoconcentrated
patients. A decreased packed cell volume will decrease blood
viscosity and improve cardiac output. Hypertonic saline (7% at 4
mL/kg IV) has been recommended for use in hypovolemic horses
to expand plasma volume rapidly.33 One advantage of hypertonic
saline administration over isotonic crystalloid solutions is that a
small volume is required. Correction of an extracellular volume
deficit via administration of a small volume of hypertonic saline
is accomplished more rapidly than with the administration of a
large volume of isotonic fluid. However, the beneficial effects of
hypertonic saline administration are short-lived and should be
preserved with subsequent isotonic crystalloid therapy during
anesthesia.
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Cardiac arrhythmias may occur during anesthesia for surgical
correction of an intestinal disorder. Bradycardia caused by in-
creased vagal tone elicited from intestinal manipulation has been
observed. Anticholinergic agents are occasionally used in horses
for treatment of vagally induced bradycardia. However, high
doses of these drugs may decrease gastrointestinal motility for up
to 12 h in horses.34 Horses treated with anticholinergics are more
likely to develop postanesthetic colic if they have been fed within
4 to 6 h of anesthesia.35 Perhaps a more important concern dur-
ing anesthesia is the effect of atropine administration on cardiac
arrhythmogenicity. Administration of atropine to halothane-
anesthetized horses was associated with an increased incidence
of tachycardia after administration of epinephrine or dobuta-
mine.36,37 However, horses given low doses of atropine in com-
bination with detomidine, guaifenesin, diazepam, ketamine, and
halothane anesthesia were not predisposed to adverse cardiovas-
cular effects when dobutamine was administered for control of
arterial blood pressure.38

Displaced Abomasum
This is a frequent problem in adult dairy cattle and occasionally
in other ruminants such as llamas. In adult cattle, a standing la-
parotomy is the standard surgical approach. Regional anesthesia
for standing laparotomy may be accomplished by a number of
techniques, including the distal paravertebral block, the proximal
paravertebral block, and the line block. For small ruminants such
as goats, sheep, or llamas, general anesthesia will provide a more
immobilized patient on which to perform surgery.

Particular anesthetic concerns for animals with displaced abo-
masum include disturbances in acid-base balance and electrolyte
abnormalities. Similar to the pathogenesis of gastric dilation-
volvulus in dogs, displaced abomasum in ruminants may initially
present with metabolic alkalosis caused by abomasal sequestra-
tion of hydrogen chloride. Hypokalemia is a common concurrent
finding because potassium is excreted by the kidneys in an at-
tempt to retain hydrogen ions in response to metabolic alkalosis.
As the disease progresses, metabolic acidosis occurs because of
poor tissue perfusion and lactate accumulation. Shock, followed
by death, is expected in untreated animals. Dehydration, poor cir-
culatory volume, and electrolyte abnormalities must be cor-
rected. Serum chloride less than 79 mEq/L and heart rate greater
than 100 beats/min are associated with a poor prognosis.39

Disorders of the Pancreas
Acute pancreatitis in dogs and cats is frequently associated with
vomiting, anorexia, and abdominal pain. However, the diagnosis
of acute pancreatitis is often difficult to make antemortem.
Classic laboratory findings associated with pancreatitis (in-
creased amylase and lipase activity) may not be observed.
Conversely, increased pancreatic enzyme activity is not specific
for pancreatitis. Intestinal foreign bodies are frequently associ-
ated with increased lipase activity. Exploratory laparotomy in
healthy dogs (without signs of pancreatitis), in which abdominal
tissues were examined but not surgically altered, was associated

with a threefold increase in serum lipase activity.40 Morphine ad-
ministration may cause elevation of amylase and lipase activity
by increasing smooth muscle contraction in the pancreatic duct
(sphincter of Oddi).41 In addition, many dogs with pancreatitis
have concurrent disease, such as diabetes mellitus, hyperadreno-
corticism, renal failure, neoplasia, congestive heart failure, or au-
toimmune disorders.42 Acute pancreatitis has been induced by
drugs, including corticosteroids, nonsteroidal anti-inflammatory
agents, organophosphates, thiazide diuretics, sulfonamides, tetra-
cycline, azothioprine, furosemide, and estrogen.43 Thus, it is
likely that animals with acute pancreatitis are often anesthetized
for reasons unrelated to diagnosis or treatment of pancreatitis.
However, in some situations, such as acute necrotizing pancreati-
tis or pancreatic phlegmon, surgical therapy may be indicated.
Endoscopic, surgical, or laparoscopic techniques can be used to
place enterostomy tubes for enteral nutrition. Iatrogenic pancre-
atitis may also occur after abdominal surgery. Humans occasion-
ally develop acute pancreatitis after renal transplantation, gas-
trectomy, and biliary tract surgery.44 The “incidental” finding of
acute pancreatitis is not uncommon at the necropsy of many pa-
tients with an unknown cause of death.

Medical management of acute pancreatitis basically consists
of maintaining adequate fluid therapy and nothing per os. The
use of plasma and analgesics has also been advocated for man-
agement of pancreatitis. Establishing normal pancreatic circula-
tion is paramount for tissue healing. Preanesthetic preparation of
patients with pancreatitis is accomplished by withholding oral in-
take of food and water and administering IV fluids to correct hy-
dration and/or electrolyte imbalances.

The choice of anesthetics for use in a patient with pancreati-
tis is often based on other complicating factors identified for the
patient. Intravenously administered �2-adrenergic agents have a
hyperglycemic effect owing to inhibition of insulin release by
the beta cells in the islets of Langerhans of the pancreas. This ef-
fect has been observed with epinephrine and with the potent
sedative-analgesics such as detomidine and xylazine.45–49 While
�2-adrenergic agonist–induced hyperglycemia is avoided by
pretreatment with �2-adrenergic antagonists, sedative and anal-
gesic effects are similarly prevented.45–51 It is unknown whether
the �2-adrenergic effects on the pancreas are of clinical signifi-
cance in patients with pancreatitis. However, a conservative ap-
proach to anesthetic management of these patients generally
avoids use of these drugs. Opioid analgesics (hydromorphone,
buprenorphine, or butorphanol) are a suitable alternative to pro-
vide sedation and analgesia prior to induction of anesthesia.
Morphine causes spasm of the sphincter of Oddi at the termina-
tion of the common biliary and pancreatic duct in 1% to 3% of
the human population and may be associated with complications
in animals with pancreatitis.41 Other opioids cause less spasm of
this sphincter and are useful when indicated for treatment of
pain associated with pancreatitis. In humans, because of better
pain relief with fewer side effects, epidural administration of
morphine is preferred for treatment of pain associated with
pancreatitis.52

There is no clear best choice for induction of anesthesia for pa-
tients with pancreatitis. Halothane would not be the anesthetic of
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choice in patients with concurrent liver disease or those with car-
diac dysrhythmias. Maintenance of anesthesia with isoflurane or
sevoflurane is preferred in such cases. During surgery, the anes-
thetist should attempt to provide vigilant monitoring of anes-
thetic depth, prevention of hypotension, and maintenance of ad-
equate vascular volume.

Obesity
Obese patients often have underlying physiological problems in
addition to the condition for which anesthesia is required.
Evaluation of obese animals for presence of pancreatitis, diabetes
mellitus, hepatic insufficiency, or cardiac disease should be in-
cluded in the diagnostic workup. An obese animal’s veins may be
more difficult to locate and catheterize. Drug dose should be ad-
justed to a patient’s lean weight to avoid overdosing with anes-
thetic drugs. Obese animals anesthetized with halothane will also
have a longer recovery time than other patients because of signif-
icant sequestration of the anesthetic in fat. Isoflurane and
sevoflurane are more desirable inhalation anesthetics for obese
animals because of their minimal biotransformation and low tis-
sue solubility.

Preoperative hypoxemia (Pickwickian syndrome) due to hy-
poventilation is a common feature of obesity in humans and is
markedly worsened by anesthesia. Obesity decreases the ventila-
tory capacity of patients during anesthesia, owing to decreased
chest wall compliance. Hypoventilation may occur because of
limited diaphragmatic excursion from the increased weight of the
abdominal contents. The increased mass of the pharyngeal tis-
sues and tongue may lead to upper-airway obstruction after pre-
medication with tranquilizers or during induction of anesthesia.
Obese patients given sedatives or tranquilizers prior to anesthesia
should be continuously observed for airway obstruction. Rapid
control of the airway at induction and positive-pressure ventila-
tion during anesthesia are recommended. During recovery from
anesthesia, obese patients should be kept intubated until they will
no longer tolerate the endotracheal tube. Obese animals must re-
gain normal muscle function to maintain an adequate tidal vol-
ume and a patent airway after extubation.
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Introduction
Endocrine disease is more often a factor influencing anesthetic
management than a disease directly requiring anesthesia for med-
ical or surgical intervention. Patients with endocrine disease–
induced derangements of homeostasis require that anesthetic
management be designed to take into account the appropriate
physiological support, perioperative monitoring, and selection of
medications to reduce the risks associated with sedation, anesthe-
sia, and analgesia. Recognition of physiological derangements
typical of specific endocrine diseases provides the framework for
customizing anesthesia for individual patients. Endocrinopathies
often increase the requirements for intervention, particularly for
physiological support.

Diabetes Mellitus
Insulin is essential for normal cellular function. The effects of
insulin on normal cellular function include (a) inhibition of
glycogenolysis, (b) inhibition of gluconeogenesis, (c) inhibition
of lipolysis, (d) stimulation of glucose uptake into cells, (e) stim-
ulation of potassium transport into cells, and (f) suppression of
ketogenesis.1

Carbohydrate, protein, and fat metabolism are all affected with
an insulin deficiency. Glucose uptake is decreased, especially in
fat and muscle. Also, control of hepatic gluconeogenesis is lost,
with the resultant hyperglycemia leading to osmotic diuresis.
Muscle tissue undergoes catabolic metabolism for energy, and
protein synthesis is inhibited, resulting in muscle wasting. Acetyl
coenzyme A and ketone bodies are produced for energy. Lipoly-
sis is inhibited with a resultant accumulation of ketone bodies
causing osmotic diuresis and metabolic acidosis. Prolonged hy-
perglycemia and ketonemia can lead to (a) metabolic acidosis,

(b) dehydration, (c) circulatory collapse, (d) renal failure, and/or
(e) coma and death.1

Diabetes mellitus should be suspected in any patient with the
following clinical signs: (a) a recent history of polyuria, polydip-
sia, weight loss, or rapid onset of cataracts; (b) dehydration,
weakness, collapse, mental dullness, hepatomegaly and/or mus-
cle wasting; and/or (c) increased rate and depth of respiration and
breath with a sweet acetone odor. Diabetes mellitus occurs more
frequently in female dogs and male cats. These clinical signs
should alert the clinician to the possibility of diabetes mellitus.

The presence of glucose with or without ketones in the urine,
along with resting blood glucose of greater than 250 mg/dL with
hyperketonemia, is a common finding. Electrolyte and renal
function tests may be altered (especially hypokalemia) and
serum alkaline phosphatase may be increased due to hepatic fatty
infiltration. Severe metabolic acidosis (a pH of less than 7.1)
should be treated with sufficient sodium bicarbonate to return pH
to 7.2.

A patient with diabetes mellitus should be stabilized and reg-
ulated prior to anesthesia. The anesthetic protocol is probably
not as critical as the adjunct support during and after anesthesia
and surgery. The key to the anesthetic management of a diabetic
is to use preanesthetic and anesthetic agents that will result in
the shortest anesthetic recovery time with the least amount of
drug hangover. Drugs that can be antagonized (narcotics, �2-
agonists, and benzodiazepine tranquilizers) or are readily elimi-
nated from the patient (propofol, etomidate, and inhalant anes-
thetics) should be considered. The goal is to get the patient
awake as soon as possible so that the patient can resume its nor-
mal feeding schedule.

The procedure should be scheduled early in the morning after
the administration of the patient’s normal dose of insulin or one-
half of the usual dose.2 Preoperative and serial intraoperative and
postoperative blood glucose levels should be determined. Ideally,
the blood glucose should be maintained between 150 and 250
mg/dL. During the procedure, 2.5% to 5% dextrose in a balanced
electrolyte solution should be administered to prevent hypo-
glycemia.3 An intraoperative fluid rate of 11 to 15 mL · kg�1 ·
h�1 is usually adequate. Depending on the blood glucose values,
measured hourly, the dextrose drip may need to be continued fol-
lowing the procedure. Avoid blood glucose extremes and lower
any marked elevations of blood glucose to a rate not to exceed 75
to 100 mg/dL per hour. As soon as a postoperative patient starts
eating, it is probably not necessary to continue the dextrose in the
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intravenous fluids. Close monitoring of the patient should be
continued, because the stress of anesthesia and surgery may
cause a diabetic to decompensate. A return home and resumption
of the normal regulation pattern is desired as soon as possible.
The use of corticosteroids may also cause decompensation and
should be avoided unless absolutely necessary.

Diabetes Insipidus
If anesthesia is needed before correction of electrolyte abnormal-
ities, it becomes essential to continue with diuresis. Oral water
deprivation can be very deleterious for cerebral function and
blood pressure, so water should not be withdrawn from these pa-
tients. Generous intravenous fluid therapy is indicated to avoid
hypertonic encephalopathy. Serum sodium concentration should
be monitored, and appropriate fluids administered to prevent it
from rising to more than 160 mEq/L. The fluid of choice is 5%
dextrose in water as needed, or half-strength (0.45%) saline with
2.5% dextrose may be used if a more isotonic solute is desired.
Metabolism of the dextrose provides free water and thereby re-
duces plasma sodium. Chronic hypernatremia should be cor-
rected slowly, at rate not to exceed 12 mEq for first 24-h period,
with correction achieved over 72 h. Rapid-onset hypernatremia
(occurring within less than 24 h) can be carefully treated more
rapidly.

Hypoglycemia from Insulinoma
Monitoring and supplementation of blood glucose are required in
patients with an insulinoma. Acute hypoglycemia must be recog-
nized and treated effectively with dextrose. If there is no response
to intravenous dextrose, a glucagon infusion may be useful. In
postoperative patients, there is a risk of acute pancreatitis after
surgical removal of the insulinoma. These patients may be main-
tained non per os for 1 to 2 days after surgery to help reduce the
risk of acute pancreatitis. Continued monitoring of blood glucose
is necessary to recognize potential hyperglycemia and hypo-
glycemia in the perioperative period. These patients may become
insulin dependent.

Hyperparathyroidism
Preoperative management requires decreasing the serum calcium
before anesthesia and surgery. It is important to evaluate renal
status and stabilize or treat accordingly. After parathyroid (or
thyroid) removal, there is risk of acute hypoparathyroidism.
These animals require repeated monitoring for hypocalcemia
during the first 48 h after surgery and appropriate management.

Hypoparathyroidism
Hypoparathyroidism occurs less often than hyperparathyroidism
and is often diagnosed in patients after surgery to remove either
the thyroid or parathyroid glands. Close monitoring of blood cal-
cium is indicated. Rarely, preparturient eclampsia is present in
bitches requiring Caesarean section. Treat hypocalcemia with

calcium gluconate until signs abate and serum calcium is at safe
level, greater than 7 mg/dL.

Hypoadrenocorticism (Addison’s
Disease)
Hypoadrenocorticism is a deficiency in aldosterone and/or gluco-
corticoids that results from adrenal cortex dysfunction. As with
diabetics, patients with hypoadrenocorticism should be stabilized
and regulated prior to anesthesia and surgery when possible.

Hypoadrenocorticism can be caused either by diseases, de-
struction of the adrenal glands, or by decreased corticotropin
(adrenocorticotropic hormone [ACTH]) secretion. Primary idio-
pathic hypoadrenocorticism is the most common cause of hypoa-
drenocorticism in dogs and may be immune mediated. Other dis-
eases that may destroy the adrenal glands include systemic
mycosis, metastatic tumors, hemorrhagic infarction, amyloidosis
of the cortices, canine distemper, and glucocorticoid therapy for
certain disorders that might cause a selective deficiency of corti-
sol caused by negative feedback inhibition of the hypothalamic-
pituitary-adrenal axis.4

Decreased ACTH secretion can cause secondary hypoadreno-
corticism. Adrenocorticotropic hormone directly stimulates glu-
cocorticoid secretion and is secreted by the anterior pituitary
gland. Decreased ACTH secretion may develop with diseases or
tumors of the pituitary gland or with decreased secretion of
corticotropin-releasing factor (CRF) owing to hypothalamic le-
sions. Prolonged negative feedback from exogenous cortico-
steroid therapy can cause glucocorticoid deficiency while main-
taining adequate mineralocorticoid secretion.

The clinical signs of hypoadrenocorticism will depend on the
particular adrenal hormone (aldosterone or glucocorticoids) most
affected by the disease. The primary function of aldosterone is to
stimulate absorption of sodium in the distal renal tubules and
promote potassium excretion. Aldosterone deficiency produces
hyponatremia and hyperkalemia. Hyponatremia with concurrent
water loss can produce lethargy, nausea, impaired cardiac output,
hypovolemia, hypotension, and/or impaired renal perfusion.
Hyperkalemia will produce muscle weakness, decreased cardiac
conduction, and excitability and bradycardia.

Glucocorticoid deficiency can result in significant physiologi-
cal abnormalities. Cortisol stimulates gluconeogenesis, increases
blood glucose, enhances extravascular fluid movement to the in-
travascular compartment, stabilizes lysosomal membranes, and
counteracts the effects of stress. Cortisol depletion impairs renal
excretion of water and energy metabolism, decreases stress toler-
ance, and can cause anorexia, vomiting, and/or diarrhea. Cortisol
depletion rarely produces electrolyte imbalances.4

Hypoadrenocorticism should be suspected in any dog with a
history of anorexia, vomiting, diarrhea, and lethargy when clini-
cal findings are muscle weakness, dehydration, and bradycardia.
Electrolyte imbalance may be suggestive of hypoadrenocorti-
cism. Serum sodium levels are often less than 135 mEq/L, and
serum potassium levels may be greater than 5.5 mEq/L. The
sodium-potassium ratio may be less than 25:1 (normal is 33:1).

Hypoadrenocorticism is confirmed by measuring serum corti-
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sol. Determination of plasma cortisol levels is the most accurate
method of diagnosing hypoadrenocorticism, and resting plasma
cortisol is often less than 10 µg/mL. Plasma cortisol will not sig-
nificantly increase in response to exogenous ACTH administra-
tion in hypoadrenocorticism patients. Prednisolone replacement
therapy must be withheld for 1 to 2 days before testing, but dex-
amethasone can be used without causing interference with the ra-
dioimmunoassay for cortisol.4

Diagnostic testing that may be helpful in confirming the diag-
nosis of hypoadrenocorticism includes the complete blood count
(CBC), blood urea nitrogen (BUN), and electrocardiogram
(ECG). The CBC reflects dehydration, and decreased cortisol
will sometimes cause eosinophilia and lymphocytosis. BUN may
be elevated by prerenal uremia or renal failure. The ECG may
show evidence of hyperkalemia. In severe hyperkalemic car-
diotoxicity, therapy may be warranted with calcium gluconate,
sodium bicarbonate, insulin, and dexamethasone.

The anesthetic protocol used in the patient with hypoadreno-
corticism is not as critical as the medical management prior to
anesthesia. A patient with hypoadrenocorticism must be stabi-
lized. The treatment objectives are (a) to correct the dehydration
and treat hypovolemic shock if present, (b) to return renal func-
tion to normal, (c) to correct electrolyte imbalances, and (d) to
supply glucocorticoids.5 In an Addisonian crisis, priorities are
the patient’s pH, hypotension, ECG complexes and rhythm, and
the correction of hyponatremia, hyperkalemia, and any hypo-
glycemia.

Addisonian patients have decreased stress tolerance. The key
to their perioperative management is to provide adequate intra-
venous fluid volume replacement and to provide exogenous glu-
cocorticoids. A balanced electrolyte solution should be adminis-
tered intraoperatively at a rate of 15 to 22 mL · kg�1 · h�1. The
rate may be adjusted depending on the patient’s physiological
status. The fluid rate may be decreased postoperatively to ap-
proximately 90 mL · kg�1 · day�1. Again, this rate can be ad-
justed depending on a patient’s physiological status.

Glucocorticoids should be given concomitantly with initiation
of the anesthetic regimen. Preoperatively, 2 to 4 mg/kg of dexa-
methasone can be given intravenously or subcutaneously.
Intraoperatively, a rapid-acting glucocorticoid such as pred-
nisolone sodium succinate (Solu-Delta-Cortef) at a dose of 11 to
22 mg/kg should be administered intravenously and repeated as
necessary. Postoperatively, additional glucocorticoids are given
as needed. Patients with hypoadrenocorticism should be closely
monitored for signs of hypotension and shock.

Hyperadrenocorticism (Cushing’s
Syndrome)
Although a common endocrine disease, hyperadrenocorticism is
less problematic for successful anesthetic care than is hypoad-
renocorticism. Patients with an excess of adrenal hormones will
be predisposed to infection and poor wound healing. Most cats
with hypoadrenocorticism are also diabetic. There is increased
risk of pulmonary thrombosis and of thrombosis at other sites
during the perioperative period.

Blood pressure monitoring and support are important for pa-
tients with hypoadrenocorticism because they are prone to hyper-
tension. Preanesthetic evaluation should include baseline arterial
blood pressure measurement. Patients with underlying hyperten-
sion should have blood pressure supported, if necessary, to pre-
vent anesthetic-associated hypotension. Chronic hypertension
predisposes patients to failures of autoregulatory control of tissue
perfusion at reduced blood pressures that would be better toler-
ated by normotensive patients.

Pulmonary alveolar calcification is occasionally recognized on
thoracic radiography with hypoadrenocorticism. This might
cause hypoxemia from impaired perfusion, but is usually an inci-
dental finding. A more commonly encountered problem related
to the respiratory depression is impaired intraoperative ventila-
tion. Many patients with hypoadrenocorticism have a large pen-
dulous abdomen, which can impair ventilation during anesthesia.
Monitoring ventilation with end-tidal carbon dioxide, pulse
oximetry, and/or arterial blood-gas analysis is warranted.

When hyperadrenocorticism has been successfully treated, pa-
tients should have some functional adrenocortical reserve and
thereby still be able to withstand the stresses of anesthesia and
surgery. Adrenocortical reserve is indicated by a post-ACTH
stimulation value of 3 to 10 µg/dL. Otherwise, these patients
should be managed as having an iatrogenic adrenocortical insuf-
ficiency requiring glucocorticoid supplementation. Newer meth-
ods for medical management of pituitary gland–dependent and
adrenal gland–dependent hyperadrenocorticism hold promise for
more effective treatment and superior retention of adequate
adrenocortical function.

Pheochromocytoma
Patients with pheochromocytoma are usually considered to be at
very high anesthetic risk. The best approach to anesthetizing a
patient with a pheochromocytoma is the preoperative monitoring
and management of arterial blood pressures and cardiac function.
Cardiac arrhythmias, particularly tachyarrhythmias, require dili-
gent ECG monitoring. Stabilization of patients can require pro-
longed medical management, most often using phenoxybenza-
mine, a long-acting �-adrenergic antagonist, prior to anesthesia
and surgery to lower and control arterial blood pressure ade-
quately. Extreme hemodynamic instability is commonly a prob-
lem in these patients, especially if prior stabilization is inade-
quate. Even with prior stabilization, close attention to blood
pressure and cardiac monitoring are imperative.

Surges in blood pressure and tachyarrhythmias are treated as
they occur. Propranolol or esmolol may be useful in controlling
tachyarrhythmias, but it is important to provide effective �-
adrenergic blockade before initiating ß-adrenergic blockade. For
any adrenal gland surgery, there is very significant potential for
intraoperative blood loss. This is particularly true for tumors in-
volving the right adrenal gland because of proximity to the pos-
terior vena cava. Cross-matched blood should be available, along
with colloidal fluids, for immediate volume resuscitation.

After removal of the affected adrenal gland, acute and dra-
matic drops in endogenous catecholamine levels may occur. This
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may be manifested as sudden and profound hypotension and
bradycardia, especially in the presence of �-adrenergic and ß-
adrenergic blockade. Intravenous inotropic (e.g., dobutamine)
and pressor (e.g., ephedrine or phenylephrine) support should be
immediately available to treat hypotension rapidly.

Hypothyroidism
Untreated and inadequately treated hypothyroid patients have re-
duced metabolic rates and may more slowly recover from seda-
tion or anesthesia. Any anesthetic drug should be used in low
doses and ideally should require minimal or no metabolism or
can be readily antagonized. Opioids, low doses of tranquilizers,
propofol, and inhalants are the preferred preanesthetic and anes-
thetic drugs.

Hypothyroid patients are often obese and may suffer from ane-
mia. Obesity may cause ventilatory problems under anesthesia
that are caused by the excess amounts of abdominal and intratho-
racic fat. Assisted or controlled ventilation may be necessary in
these patients to keep them adequately ventilated. Moderate ane-
mia may occur in hypothyroid patients. If the anemia is signifi-
cant, blood transfusion should be considered prior to anesthesia
and surgery.6 In severe cases of hypothyroidism (myxedema
hypothyroidism), hypothermia and bradycardia may complicate
anesthesia. These should be corrected slowly. Support with
corticosteroids, levothyroxine, and respiratory support may be
necessary.

Hyperthyroidism
Patients with thyroid adenomas, adenomatous hyperplasia, or
adenocarcinomas may exhibit evidence of hyperthyroidism.
Several factors may place these patients at higher anesthetic
risk.7 A thyroid tumor may place mechanical pressure on the tra-
chea, causing a partial obstruction and interfering with respira-
tion. The surgical site may be highly vascular, and this can lead
to excessive bleeding.

Hyperthyroid patients may rarely develop a thyroid storm dur-
ing the procedure as a result of excessive thyroid hormone pro-
duction. This is precipitated by catecholamine release and is
characterized by an increased heart rate, increased blood pres-
sure, cardiac dysrhythmias, elevated body temperature, and
shock. Hyperthyroid patients often have increased metabolic
rates, making them more prone to developing hypoxemia.
Oxygen and glucose demand and carbon dioxide production are
increased. Hyperthyroid patients may be more prone to heart fail-
ure. They have an increased heart rate and myocardial oxygen
consumption.

Because of their increased metabolic rate, hyperthyroid pa-
tients may rapidly metabolize anesthetic drugs. Adequate oxy-
genation must be provided because of the increased oxygen con-
sumption and demands of the patient. Intubation may be difficult
if the tumor is compressing the trachea. Preanesthetic and anes-
thetic agents that decrease catecholamine response and myocar-
dial irritability are preferred. Low doses of acepromazine or an

�2-agonist can be used as a preanesthetic in hyperthyroid pa-
tients. Acepromazine decreases myocardial irritability, and it
blocks �-adrenergic receptors and thus may help counteract hy-
pertension. An opioid can be combined with acepromazine be-
cause opioids generally slow heart rate and decrease myocardial
oxygen consumption.

Anesthesia may be induced with low-dose thiopental, propo-
fol, etomidate, or an inhalant by mask using isoflurane or
sevoflurane. Inhalant induction alone may be stressful in some
patients, worsening the overall cardiovascular status. Cardiovas-
cular and respiratory parameters should be monitored closely and
ventilation controlled when necessary. A 2.5% to 5% dextrose
drip can be administered to meet increased glucose demands.

Cats with thyrotoxic cardiomyopathy, and particularly those
with hyperthyroidism and concurrent hypertrophic cardiomyopa-
thy, should be managed so as to reduce heart rate and optimize
ventricular filling.8,9 The use of dissociative anesthetics and an-
ticholinergics is avoided to help insure that a lower heart rate is
maintained. Sevoflurane (or even halothane) is preferred over
isoflurane so as to reduce heart rate and myocardial work. The
use of acepromazine is avoided to prevent the reduction in pre-
load and ventricular filling. By maintaining preload, ventricular
filling, and diastolic interval, both myocardial blood flow and
ventricular function are improved. Preanesthetic medication with
an opioid such as buprenorphine and a benzodiazepine such as
midazolam is followed by inhalant induction with sevoflurane.
Intravenous induction with etomidate, propofol, or thiopental is
acceptable in less severe cases.
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Introduction
Airway obstruction may be associated with trauma, congenital
anatomic abnormalities, aspiration of foreign material, or laryn-
gospasm. Specific management of airway obstruction in the pe-
rianesthetic period is determined by the severity of the obstruc-
tion and the underlying factors associated with its cause.

Respiratory Depression in the
Perianesthetic Period
When possible, the use of potent respiratory-depressant medica-
tions should be avoided in patients with respiratory disease.
When sedative/analgesics with respiratory-depressant effects
(e.g., opioids) are used for premedication, the patient’s respira-
tion should be closely monitored (e.g., pulse oximetry, end-tidal
CO2, and arterial blood gas analysis). Mixed agonist-antagonist
opioids such as butorphanol minimize respiratory depression.
Butorphanol is described as having a “ceiling effect” on respira-
tory depression and analgesia.1 This terminology implies that the
dose-response curve for butorphanol will plateau at some point,
thus imparting no further respiratory depression/analgesia as the
dose is increased. Naloxone can be used to antagonize respira-
tory depression associated with opioid analgesics but will also
antagonize analgesia.2 Analgesia may be preserved to some ex-
tent by titrating naloxone “to effect” when reversing opioid-
induced respiratory depression. However, rapid intravenous ad-
ministration of naloxone has been associated with development
of cardiac dysrhythmias and even sudden death.3,4 Administra-
tion of a mixed–agonist-antagonist opioid such as butorphanol
may effectively antagonize severe respiratory depression while
maintaining some analgesic action.5 Incremental dosing of butor-
phanol (0.05 mg/kg at a time) for antagonism of full-agonist opi-
oids is advised to prevent sudden arousal and dysphoria.

Regional analgesia is gaining in popularity for improving post-
operative analgesia. This technique causes less respiratory de-
pression than do parenteral opioids. Following thoracotomy,
analgesia may be enhanced by intrapleural injection of bupiva-

caine (1.5 mg/kg).6 For control of pain associated with proce-
dures involving the hind limbs (and possibly procedures more
rostral), epidural analgesia is a useful adjunct to general anesthe-
sia. Epidural analgesia prior to surgery will decrease general
anesthetic requirement.7 Inhalation anesthetics are associated
with dose-dependent respiratory depression. Therefore, use of
epidural analgesia as an adjunct to inhalation anesthesia may de-
crease respiratory and cardiovascular depression. Epidural anal-
gesia in dogs is often accomplished using morphine (0.1 mg/kg)
in sterile water or isotonic saline solution in sufficient quantity to
yield 1 mL per 5 kg of body weight.8

Airway Trauma
Trauma to the head and neck can cause progressive respiratory
distress. Airway occlusion may result from collapse or obstruc-
tion of the nasal or oral passages accompanied by tissue swelling,
hemorrhage, and aspiration of tissues, blood, or foreign materi-
als. Head trauma and secondary cerebral edema can decrease
ventilation via neurological mechanisms independent of physical
obstructions. Additional respiratory depression must be avoided
to prevent associated increases in intracranial pressure and neu-
rological morbidity. In a retrospective study of 85 dogs undergo-
ing cervical spinal decompressive surgery, respiratory arrest was
a significant factor in three (42%) of seven that died of compli-
cations arising during surgery.9

The airway and laryngeal function should be examined during
a light plane of general anesthesia or while the animal is sedated.
Care must be taken to avoid excessive depression from anesthet-
ics with resultant inhibition of respiration or laryngeal activity. A
clinical investigation found that observation of laryngeal function
during light anesthesia with propofol or thiopental was superior
to anesthesia induced with the combination of diazepam and
ketamine.10

Surgical procedures on the nasal airway, pharynx, larynx, or
trachea can be followed by obstructive postoperative swelling.
Delicate surgical technique combined with perioperative anti-
inflammatory doses of corticosteroids minimize this potential.
Administration of pediatric strength phenylephrine nose drops in
each nostril will counteract nasal passage hyperemia, improving
ventilation and often stimulating increased swallowing.

Animals with thick or copious secretions in the respiratory
tract have increased risk for airway obstruction. Endotracheal in-
tubation restricts the diameter of the trachea and increases the
likelihood of airway obstruction from viscid secretions. Parti-

937

Chapter 43

Airway Disease
Stephen A. Greene and Ralph C. Harvey



cular attention should be given to patients with small endotra-
cheal tubes (e.g., internal diameter < 5 mm). Decreased compli-
ance detected by difficult positive-pressure ventilation (by
squeezing the rebreathing bag) in a patient with abnormal respi-
ratory tract secretions should prompt the anesthetist to inspect
the airway. Suction of secretions from the endotracheal tube may
be required periodically during anesthesia. In some cases, the
best solution may be to reintubate the trachea with a different en-
dotracheal tube. Pharyngeal suction prior to anesthetic recovery
from nasal, pharyngeal, or oral surgery decreases risk of aspira-
tion of blood and debris. When regurgitated material or blood has
accumulated in the pharynx, the risk of aspiration can be reduced
further by gently withdrawing the endotracheal tube with the cuff
partially inflated. After delivery to the pharynx, matter can be re-
moved by suction.

Administration of oxygen should continue throughout recov-
ery when there is risk of postoperative airway obstruction or sig-
nificant respiratory depression. If obstruction develops, supple-
mentary oxygenation increases the time available for institution
of airway control. Rapid-sequence induction of anesthesia with
an injectable anesthetic may be necessary to regain control of the
upper airway via an endotracheal tube. After reestablishment of
a secure airway, it may be possible to resolve the underlying
problems and then successfully recover the patient from anesthe-
sia. In brachycephalic animals, resection of an elongated soft
palate may be necessary to prevent airway obstruction associated
with tissue swelling that has developed during the procedure. In
severe cases of obstruction, an emergency tracheostomy may be
necessary.

Brachycephalic Airway Syndrome
Anatomical abnormalities of the upper airway in brachycephalic
dogs can severely compromise their ability to ventilate ade-
quately. The primary defects of stenotic nares, elongated soft
palate, and hypoplastic trachea are exacerbated in extreme cases
with eversion of laryngeal saccules and redundant pharyngeal tis-
sues. Dogs with arytenoid cartilage, laryngeal, or tracheal col-
lapse present similar anesthetic challenges. Reduction of the
cross-sectional area of the trachea greatly increases resistance to
airflow and the work of breathing. In addition, vagal tone is fre-
quently high in brachycephalic dogs. Vagal stimulation associated
with pharyngeal manipulation (difficult intubation) or vagotonic
drugs can contribute to significant bradycardia and further airway
narrowing. Preanesthetic administration of anticholinergic agents
is indicated in these cases. The anesthetist’s goals are to avoid
deep sedation, especially in animals that are not continuously
monitored; to intubate the trachea by using a rapid intravenous in-
duction technique when practical; and to maintain tracheal intu-
bation until the dog demonstrates adequate recovery from anes-
thesia. Anesthesia induction should be preceded by having the
dog breathe oxygen through a face mask. Respiratory support dur-
ing anesthesia may be required, especially in overweight animals.
Obesity further impairs ventilatory function by decreasing tidal
volume and functional residual capacity of the lung.

Recovery from anesthesia is judged to be adequate when a dog

strongly objects to the presence of the endotracheal tube.
Reversal of the effect of opioids by naloxone administration may
aid in rapid return of a dog’s ability to maintain its airway.
However, painful or distressed animals may experience more res-
piratory difficulty following extubation, so the benefits of opioid
reversal should be carefully weighed against the potential com-
plications of the increased pain and stress that may accompany
reversal. Because of the presence of redundant tissue in the phar-
ynx, most brachycephalic breeds (e.g., bulldog and shar-pei) ben-
efit from having the anesthetist hold the dog’s tongue and/or ex-
tend its neck immediately after extubation of the trachea. A
source of 100% oxygen, an endotracheal tube, a laryngoscope,
and an intravenous anesthetic-induction drug such as propofol
should be immediately available. Ventilatory function of brachy-
cephalic dogs should be closely monitored for at least 1 h follow-
ing recovery from anesthesia.

Laryngeal Abnormalities
Abnormal laryngeal anatomy due to congenital malformation or
acquired disease may affect respiration, especially during seda-
tion. Tracheal intubation may be hindered by masses protruding
into the glottis or by strands of tissue that cross the glottis.
Smaller-diameter endotracheal tubes may be placed to solve this
problem in some instances. However, an excessively narrow en-
dotracheal lumen may severely affect ventilation, leading to hy-
percapnia or hypoxia.

Laryngospasm during the perianesthetic period occurs most
frequently in cats, swine, rabbits, and primates, but has also been
observed in dogs and horses. Laryngospasm may occur after irri-
tation of laryngeal tissues by secretions or blood. Spasm of the
larynx may be caused by touching the larynx during a light plane
of anesthesia. Topical application of a local anesthetic such as li-
docaine is recommended prior to tracheal intubation in these
species to minimize tactile stimulation–induced laryngospasm.
Neuromuscular blocking agents such as atracurium may be use-
ful for preventing laryngospasm during tracheal intubation, al-
though their use in domestic veterinary species is seldom needed.
Extubation of the trachea can also trigger laryngospasm in sus-
ceptible animals. In one case, a Vietnamese potbellied pig appar-
ently developed laryngospasm 4 h after tracheal extubation in
spite of an uneventful recovery from inhalation anesthesia.
Treatment of laryngospasm that occurs during tracheal extuba-
tion (or later) includes reintubation using anesthetics and neuro-
muscular blocking agents, if necessary. Nasotracheal intubation
is an effective means of reestablishing a patent airway in some
species, such as horses. Oxygen should be administered and the
patient should be evaluated for subsequent development of pul-
monary edema over the next 1 to 4 h. Pulmonary edema may ac-
company laryngospasm with clinical signs of dyspnea and
tachypnea and production of pink frothy material in the airway
becoming apparent during recovery from anesthesia.11 Dogs with
upper-airway obstruction can develop life-threatening pulmonary
edema.12 Factors associated with generation of pulmonary
edema following airway obstruction are listed in Table 43.1. The
extreme negative pressure produced by an animal with airway
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obstruction when attempting to inspire causes decreased inter-
stitial hydrostatic pressure in the lung. Simultaneous release of
catecholamines causing increased vascular hydrostatic pressure
may cause a net accumulation of interstitial fluid. Hypoxia as-
sociated with an acutely obstructed airway may promote fluid
movement into the interstitial spaces by increasing permeability
of pulmonary vasculature. Pulmonary edema formation after
airway obstruction is probably multifactorial, so treatment is
symptomatic. Oxygen supplementation to maintain an SpO2
greater than 90%, diuretics, and corticosteroids are used to treat
pulmonary edema. Emergency tracheostomy may be required 
to establish a patent airway rapidly. Tracheal intubation and
positive-pressure ventilation are routinely used in human pa-
tients with pulmonary edema, for whom the syndrome is rarely
fatal.13,14

Horses may develop airway obstruction during tracheal extu-
bation after anesthesia. Potential causes include laryngospasm,
paralysis of the arytenoid cartilages, and mechanical obstruction.
Epiglottic retroversion has been described as a cause of upper-
airway obstruction in horses.15 Syncope as a consequence of
complete upper-airway obstruction caused by a subepiglottic cyst
has also been reported.16 Laryngospasm is associated with cessa-
tion of airflow, whereas paralysis of the arytenoid cartilages is
characterized by stridor and decreased airflow. Laryngospasm
may result from laryngeal irritation during anesthesia and/or ex-
tubation. Paralysis of the arytenoid cartilages has been associated
with poor function of the recurrent laryngeal nerve. In horses, the
recurrent laryngeal nerve may be susceptible to damage by hy-
perextension of the neck for a prolonged period during anesthe-
sia.17 Postanesthetic paralysis of the arytenoid cartilages has also
been observed following 2- to 4-h procedures in which a horse’s
trachea was intubated with an excessively large (in retrospect)
endotracheal tube. Mechanical obstruction of the airway may
occur during recovery from anesthesia if a horse becomes cast or
positioned such that the neck is improperly flexed. Pulmonary
edema following transient mechanical airway obstruction in a
horse has been reported.18 Horses anesthetized with the head
lower than the body may be at risk for accumulation of fluid in
laryngeal tissues. These horses may develop airway obstruction
by an edematous glottis after tracheal extubation. Many anes-
thetists prefer to recover horses at risk for upper-airway obstruc-
tion with a nasotracheal tube in place until the horse is standing.
Treatment of a horse with postanesthetic airway obstruction is

initiated by placement of a nasal or oral endotracheal tube. If one
of these techniques is not successful, an emergency tracheostomy
is indicated. Supportive treatment includes administration of
oxygen, diuretics, corticosteroids, antibiotics, and analgesics.

Mishaps Involving the Airway
Unfortunately, mishaps or accidents involving management of
the airway during anesthesia increase morbidity and mortality
among animal patients. It is therefore imperative that anesthetists
become familiar with the anesthetic machine, ventilator, and in-
tubating equipment available to prevent such mishaps. Vigilance
in preventing excessive pressure buildup within an anesthetic cir-
cuit is required. The function of the “pop-off” valve should be
continuously monitored. Sudden or unexplained increases in
circuit or airway pressure should be immediately investigated.
Equipment failure should be ruled out while anesthesia is main-
tained using a different delivery system. An unusual cause of in-
creased inspiratory plateau pressure has been attributed to a leak
in the bellows of a mechanical ventilator that allowed the driving
gas of the bellows to enter the breathing circuit.19 Increased air-
way pressure may also occur from development of tension pneu-
mothorax.

Venipuncture has also been associated with airway obstruction
caused by iatrogenic trauma to vital structures in the neck. Injury
of the recurrent laryngeal nerve may cause temporary paralysis
of the arytenoid cartilage in horses. Aspiration pneumonia sec-
ondary to choke caused by a periesophageal hematoma following
jugular venipuncture has been reported in a llama.20

Airway obstruction has occurred in intubated patients follow-
ing administration of nitrous oxide, which may diffuse into the
air-filled endotracheal tube cuff, causing increased cuff pressure
and endotracheal tube collapse.21 Overexpansion of the endotra-
cheal tube cuff when administering nitrous oxide may be pre-
vented by filling the cuff with an appropriate nitrous oxide–
oxygen mixture (i.e., gas aspirated from the breathing circuit)
rather than with air. Nitrous oxide may also diffuse into small
bubbles of air found in some endotracheal tubes as a manufactur-
ing defect. Expansion of these air bubbles with nitrous oxide has
caused airway obstruction in guarded endotracheal tubes (those
with a spiral wire used to prevent kinking of the tube).22 Prior to
use, endotracheal tubes should be examined for material defects
such as presence of air bubbles that contraindicate administration
of nitrous oxide.

Inadvertent displacement of the endotracheal tube may cause
airway obstruction. Subtle changes in position of the endotra-
cheal tube may occur during radiography or surgical positioning.
Flexion of the neck of anesthetized dogs has resulted in caudal
displacement, endobronchial placement, or total occlusion of the
endotracheal tube.23
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General Considerations
Development of an appropriate anesthetic protocol for any ocu-
lar patient should include not only drug selection, but also a peri-
operative management plan to provide an optimal postoperative
outcome. This requires knowledge of not only the patient’s phys-
ical status and the ophthalmic procedure to be performed, but
also familiarity with ocular physiology and current medications
administered for ophthalmic purposes.

Ocular and periocular structures are often neglected during
anesthesia induction. Positioning of hands and equipment rela-
tive to the eyes should be noted during induction, especially
when dealing with severely compromised globes with the poten-
tial to rupture. Mask induction may not be an option if the mask
rubs or presses on the eye, and a patient’s struggling during in-
duction with a face mask may increase intraocular pressure (IOP)
or potentiate eye rupture. Similarly, nasotracheal intubation in
awake foals requires heavy restraint and is accompanied by
coughing and gagging, which may increase IOP and further com-
promise the globe. Providing analgesia is particularly important
in ophthalmic patients with substantial discomfort from their pri-
mary ophthalmic disease. These patients may be more inclined to
struggle when restrained, which may result in increased IOP and
additional damage to the globe during induction.

Horses with a nonvisual eye should be approached from the vi-

sual side. If approach from the nonvisual side is necessary, it
should be accompanied by words of reassurance and gentle hand
contact, which should be maintained until induction is complete.
Movement of equine patients to lateral recumbency after induc-
tion should include careful control of the head to prevent addi-
tional trauma to the eyes. It has been suggested that ventral posi-
tioning of the head relative to the body during transport causes
venous stasis and increased IOP. These effects may be responsi-
ble for intraocular hemorrhage observed shortly after induction
in horses with traumatized eyes.1 Supporting the head to keep it
level with the body is recommended to avoid such an occurrence.

Protection of the dependent, nonaffected eye should also be
considered during positioning of patients. Corneal protection of
the eye not operated on in unilateral procedures may be afforded
by application of corneal lubrication with or without a temporary
tarsorrhaphy. Positioning of the patient’s head and application of
any topical ophthalmic preparations should be coordinated be-
tween the anesthesiology personnel and ophthalmologist to en-
sure the best possible surgical outcome when both eyes are to be
operated on. Collapse of the anterior chamber of the dependent
eye, possibly resulting from increased aqueous outflow caused
by physical pressure on the globe, has been reported in birds po-
sitioned in lateral recumbency. The anterior chamber was
reestablished within a few minutes of repositioning.2 Resting the
periocular region of the dependent eye on a soft padded eye ring
or “doughnut” may help protect the eye from corneal abrasion
and external globe compression that may result in hypotony.

Laryngeal stimulation should be minimized and endotracheal
intubation accomplished as smoothly as possible to avoid any
possible increases in IOP.1 Lidocaine applied topically to the lar-
ynx, or administered intravenously (1.0 mg/kg), may be helpful
in suppressing the cough reflex.3 In people, the anesthesia-
related practices most likely to increase IOP significantly (i.e., at
least 10 to 20 mm Hg) are laryngoscopy and endotracheal intu-
bation.4–6 Although the mechanism is not clear, it has been sug-
gested that it is related to sympathetic cardiovascular responses
to laryngeal stimulation. The occurrence of increases in IOP dur-
ing endotracheal intubation has not been clearly established in
veterinary patients.

Positioning for the ophthalmic procedure may render ocular
patients less accessible for anesthetic monitoring, and maintain-
ing their appropriate level of anesthesia may become very diffi-
cult. Eye reflexes, jaw tone, and oral mucous membranes will not
be assessable, although the ophthalmologist may be able to pro-
vide information about eye position and movements. Once the
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head has been surgically draped, the airway also becomes inac-
cessible. A guarded (i.e., wire reinforced) endotracheal tube is
recommended to prevent unobservable kinking and occlusion of
the airway during surgical positioning. Capnography may be use-
ful for detection of an obstructed airway or inadvertent discon-
nection from the anesthetic delivery system. Similarly, pulse
oximetry may help detect desaturation should the endotracheal
tube become kinked or the delivery system disconnected.
However, the pulse oximeter may have to be placed somewhere
other than on the tongue, which would put it in close proximity
to the surgical field, where movement by the ophthalmologist
may interfere with its function.

Monitoring heart rate (HR) and arterial blood pressure (BP)
becomes essential in ocular patients when other types of moni-
toring are limited and are particularly important when including
neuromuscular blocking agents (NMBs) in the anesthetic proto-
col. Preventing movement during ophthalmic procedures and fa-
cilitation of eye positioning may be accomplished by using
NMBs to paralyze patients, but the inability of patients to indi-
cate inadequate anesthesia with movement makes monitoring all
the more crucial. Increased BP or HR may indicate an inadequate
plane of anesthesia or the need for additional analgesics.
Conversely, precipitous decreases in HR or BP may indicate too
deep a plane of anesthesia or initiation of the oculocardiac reflex
(OCR). Increased respiration rate may also be indicative of inad-
equate anesthesia, but such a response may not be evident in me-
chanically ventilated or paralyzed patients.

Tear production decreases during general anesthesia in people,
dogs, horses, and possibly other species.7–10 Tear production in
dogs decreases from baseline values within 10 to 15 min after
subcutaneous administration of atropine and continues to decline
after induction of general anesthesia with halothane or
methoxyflurane. Indeed, within 30 to 60 min of onset of general
anesthesia, tear production in dogs can approach negligible
amounts regardless of whether atropine was administered before
surgery. In a comparison of preanesthetic and postanesthetic
Schirmer tear test values in dogs, significant decreases in tear
production were evident for up to 24 h after the anesthetic proce-
dure. Anticholinergic administration before or during anesthesia
further decreased the postanesthetic Schirmer tear test values.11

Based on drug-retention studies in humans, it has been suggested
that canine eyes be lubricated every 90 min during general
anesthesia.7 A study comparing the effects of sedative and opioid
combinations on tear production in dogs determined that
acepromazine-oxymorphone, diazepam-butorphanol, and
xylazine-butorphanol significantly decreased tear production
(80%, 68%, and 33% of baseline, respectively).12 Xylazine alone
did not significantly decrease tear production. Butorphanol alone
did significantly decrease tear production, but when xylazine and
butorphanol were combined, the decrease in tear production was
greater than that observed with butorphanol alone. This suggests
that xylazine and butorphanol act synergistically to decrease tear
production in dogs.

Transient lens opacification may occur in rodents, such as
mice, rats, and hamsters, during prolonged sedation or anesthe-
sia. The opacification is believed to be caused by lack of blink-

ing and subsequent evaporation of fluids from the shallow ante-
rior chamber, which then resolves upon awakening.13

In horses undergoing general anesthesia, tear production is re-
duced much less dramatically than in dogs. Normal tear produc-
tion was restored within 3 h in horses undergoing halothane
anesthesia.9 Although this may suggest that ocular lubrication
may not be necessary to prevent corneal drying in horses, it is
recommended that ocular lubrication be instilled in the eyes of
all patients undergoing anesthesia. A flash fire involving oph-
thalmic ointment during anesthesia with nitrous oxide and oxy-
gen has been reported,14 but a later study concluded that oph-
thalmic ointments do not offer a significant fire hazard.15 If
intraocular surgery is planned or globe rupture has occurred, ap-
plication of topical ophthalmic medications or lubrication
should be restricted to aqueous-based formulations. Petroleum-
based ointments that gain access to intraocular structures may
cause severe uveitis and further compromise vision and ocular
comfort. Taping the palpebrae closed or a partial temporary tar-
sorrhaphy are additional techniques for protecting the globe and
keeping it moist.1

A smooth anesthetic recovery, including appropriate analge-
sia and prevention of self-trauma, is the primary postoperative
management goal. For patients who have undergone intraocular
surgery, periods of excitement, incoordination, coughing, gag-
ging, or retching are particularly undesirable. Recovery should
be in a quiet, dimly lit enclosure where external stimuli will be
kept to a minimum. Patients can be kept comfortable and quiet
by appropriate analgesia and sedation, although minimal physi-
cal restraint or words of reassurance while holding some small
patients may be more effective. Elizabethan collars for small pa-
tients and padded helmets or protective eyecups for large pa-
tients may help protect their eyes, but may not be readily toler-
ated by some. Recovery cages or stalls should have extraneous
structures, such as feed-bowl rings, removed to prevent eye
trauma during recovery.

Physiological Considerations
Ocular Physiology
Selection of an anesthetic protocol for intraocular surgery should
include consideration of the effects on IOP, pupil size, and globe
position.1

Intraocular Pressure
Success of an ophthalmic procedure may depend on control of
IOP before, during, and after the procedure. The overall effect of
most anesthetics is to decrease IOP.15 This reduction may be at-
tributable to a combination of factors, including depression of di-
encephalic centers regulating IOP, increased aqueous outflow,
decreased venous and arterial BPs, and relaxation of extraocular
musculature.16 Many of the factors affecting IOP are listed in
Table 44.1.

IOP is determined by aqueous humor dynamics, intraocular
(choroidal) blood volume, central venous pressure, and extraoc-
ular muscle tone.16 Normal range of IOP has been reported for
dogs (10 to 26 mm Hg), cats (12 to 32 mm Hg), and horses
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(mean, 23.5 to 28.6 mm Hg).17–19 For intraocular surgery, a low
normal IOP is desirable.5 Lens or vitreous prolapse, expulsive
choroidal hemorrhage, and subsequent retinal detachment are
possible sequelae to increased IOP during or after intraocular
surgery or in patients with penetrating eye wounds.5

Normal IOP depends on the delicate balance between aqueous
inflow (production) and aqueous outflow (filtration).1,16 Obstruc-
tion of outflow, which may dramatically increase IOP, may be in-
duced by coughing, retching, vomiting, excessive restraint of the
head and neck, or any maneuver or position that increases central
venous pressure.5 Indeed, coughing may increase IOP by as
much as 40 mm Hg.20

Aqueous humor is produced primarily by the ciliary body. It
flows from the posterior chamber anteriorly through the pupil
into the anterior chamber. Most of the aqueous humor exits the
anterior chamber via the filtration angle of the eye, following a
pattern of flow referred to as conventional outflow.1 In conven-

tional outflow, aqueous humor enters the venous vascular system
via the scleral venous plexus (analogous to Schlemm’s canal in
humans), drains into the vortex veins, passes through the orbital
vasculature, and ultimately enters the episcleral venous system.
The small percentage of aqueous humor that exits the anterior
chamber via diffusion through iris stroma and ciliary body mus-
culature is referred to as uveoscleral or unconventional outflow.
In unconventional outflow, aqueous humor flows caudally to
enter the suprachoroidal space and ultimately, the scleral and
choroidal vasculature.1

Intraocular (choroidal) blood volume is determined by arterial
inflow, venous outflow, and tone of the intraocular vasculature.6

Autoregulation of choroidal blood flow minimizes the effects of
arterial BP on choroidal blood volume and IOP. Sudden increases
in systolic arterial BP may cause a transient increase in choroidal
blood volume and IOP, but a temporary increase in outflow will
adjust IOP back to normal. Sudden increases in choroidal blood

Table 44.1. Factors altering intraocular pressure.

Altering Factors Change in IOP Comments

Blockade of aqueous outflow c Caused by any position or maneuver that increases CVP
Acute increase in arterial pressure c Causes only a transient increase in IOP 
Hypoventilation, airway obstruction, c

hypercapnia, choroidal vessel dilatation 
Hyperventilation, hypocapnia d

Endotracheal intubation c Topical or IV lidocaine may prevent coughing, gagging, straining
Eyeball pressure c Caused by face mask, orbital tumors, surgical traction, eyeball 

position, retrobulbar injection
Anesthetic drugs
Barbiturates d May depress central control of IOP or promote aqueous outflow
Propofol d May prevent intubation-associated  increase in IOP; may suppress 

depolarizing NMB-induced increase  in IOP
Etomidate c May be predominantly due to etomidate-induced myoclonus
Ketamine c or d Contradictory; effect may depend on premedication
�2-Agonists d Induces bradycardia, may promote OCR; may induce vomiting; 

may  suppress sympathetic input  and aqueous production
Benzodiazepines d May be in response to central relaxation of ocular muscles
Acepromazine d Decreases arterial blood pressure,  suppresses retching and 

vomiting
Opioids d IOP may increase with opioid-induced vomiting or retching
Neuromuscular blockers
Depolarizing

Succinylcholine c Transient increase in IOP
Nondepolarizing d Decrease or no effect  

Pancuronium  
Vecuronium  
Atracurium 

Other drugs
Methazolamide d Carbonic anhydrase inhibitor;  decreases formation of aqueous 

humor 
Hypertonic solutions (mannitol) d Increases plasma osmotic pressure,  decrease aqueous humor 

formation  
Phenylephrine c or d Effect is dosage dependent
Epinephrine c or d Effect is dosage dependent

CVP, central venous pressure; IOP, intraocular pressure; IV, intravenous; NMB, neuromuscular blocking agent; and OCR, oculocardiac reflex.
Modified from Thurmon et al.,3 p. 814.
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volume may also displace the vitreous forward into the anterior
chamber during intraocular surgery or in patients with penetrat-
ing eye wounds. Marked IOP reductions may occur when sys-
tolic arterial pressure decreases below 90 mm Hg and choroidal
blood volume decreases.5

A more direct, definitive relationship exists between central
venous pressure and IOP.16 Increases in central venous pressure
can increase IOP and choroidal blood volume by diminishing
aqueous-humor outflow into the venous system.5 To maintain
normal central venous pressure and IOP in humans, a slightly
head-up position is preferred for patients undergoing intraocular
surgery.6

Choroidal blood volume and consequently IOP increase in re-
sponse to increases in PaCO2 and decreases in PaO2.21 Hyper-
capnia and hypoxemia induce vasodilatation, which increases in-
traocular blood volume accompanied by an increase in IOP.
Conversely, respiratory alkalosis and hyperbaric oxygen condi-
tions induce vasoconstriction and decreased aqueous-humor for-
mation through reduced carbonic anhydrase activity, which de-
crease choroidal blood volume and IOP.21 In anesthetized dogs,
inspired concentrations of 5% CO2 caused a mean increase in
IOP of 35.2%. Concentrations of 10% to 15% CO2 increased IOP
even higher.21 There is no apparent correlation between in-
creased PaCO2 and IOP in anesthetized horses.22 Unlike other
species, horses have a greater dependence on unconventional
outflow of aqueous humor, which may result in a more constant
IOP during hypercapnia.

Vitreous has been described as a hydrogel consisting of a loose
fibrillar network of collagen that supports the lens anteriorly and
the retina posteriorly.1 Although the vitreous volume is fairly
constant, it may be decreased by administration of hyperosmotic
agents, such as mannitol or glycerin. As indicated previously, vit-
reous may be displaced by changes in intraocular blood volume,
but also by extraocular and orbicularis oculi muscle contractions.
Muscle contractions and vitreous displacement that occur during
an intraocular surgery, or with a penetrating eye wound, may
cause expulsion of intraocular contents. Closure of the palpebrae
may increase IOP anywhere from 10 to 50 mm Hg, depending on
whether the closure is normal or forceful.6

Pupil Size
In mammals, iris musculature that controls pupil size is smooth
muscle and is controlled primarily by the autonomic nervous sys-
tem.23 Parasympathetic stimulation of the iris constrictor muscle
results in miosis (pupil constriction), and sympathetic stimula-
tion of the iris dilator muscle results in mydriasis (pupillary dila-
tion). In contrast, avian species have striated pupillary muscles,
which are unresponsive to topically applied parasympatholytic or
sympathomimetic agents.24

Pupils are inaccessible for anesthesia monitoring during oph-
thalmic surgery. Although the ophthalmologist may be able to
provide information about pupil size during the procedure, pupil
size as an indicator of anesthetic depth is not reliable.25,26 Pupil
size is of greatest concern in cataract-removal surgery, which re-
quires the pupil to be widely dilated and the eye immobilized.
Most anesthetic or sedative agents, with the exception of keta-

mine, will cause miosis.1 Opioids have variable effects on pupil
size among species27,28 and may adversely affect the mydriasis
required for cataract surgery.29 An intramuscular combination of
hydromorphone-acepromazine caused significant miosis in dogs
at 10 and 25 min after injection.30 Administration of opioid an-
tagonists (i.e., naloxone) may reverse miosis when it occurs.31

Prostaglandins, histamines, and other mediators of inflammation
may cause miosis by a direct effect on the iris constrictor mus-
cle.26,32 Consequently, antiprostaglandins and antihistamines
may be administered prior to intraocular surgery. Sympathomi-
metic, cholinergic, and anticholinergic drugs applied topically to
the eye will affect pupil size. It has been suggested that mydria-
sis is more difficult to achieve after the onset of sedation or anes-
thesia,29 whereas mydriasis achieved prior to anesthetic induc-
tion or sedation is usually unaffected by the miotic properties of
anesthetic and sedative drugs.1

Globe Position
Globe motion during general anesthesia is not unusual, and posi-
tion of the globe may vary among species and stages of anesthe-
sia. However, motion is undesirable during corneal and intraocu-
lar surgery. Excessive manual traction to maintain a stable globe
position may cause expulsion of intraocular contents or initiation
of the OCR. In addition, eye reflexes that may be maintained dur-
ing anesthesia in some species may also interfere with proce-
dures. Paralysis with NMBs or retrobulbar regional anesthesia
during general anesthesia should eliminate ocular reflexes and
enable positioning of the globe without excessive manual trac-
tion, reducing the potential for expulsion of globe contents or ini-
tiation of the OCR.

Cardiovascular Physiology
Ocular patients are often elderly, with all the attendant problems
associated with aging, such as loss of physiological reserve, pre-
existing disease, and chronic medication administration. The
depth of anesthesia required for adequate depression of ocular re-
flexes and globe motion to facilitate intraocular surgery often re-
sults in pronounced hypotension and may represent additional
risk for elderly patients.3 Prolonged hypotension may predispose
large animal patients to postanesthetic myopathy.33 Balanced
anesthesia combined with adjunctive anesthetic techniques, such
as regional anesthesia or neuromuscular blockade, may allow a
decrease in depth of inhalation anesthesia and a closer approxi-
mation of normal cardiovascular function.3

Oculocardiac Reflex
The OCR is a trigeminovagal (cranial nerves V and X) reflex
that may be induced by pressure or traction on the eyeball, ocu-
lar trauma or pain, or orbital hematoma. Initiation of the reflex
manifests as cardiac arrhythmias, which may include bradycar-
dia, nodal rhythms, ectopic beats, ventricular fibrillation, or
asystole.16 The afferent pathway of the reflex follows ciliary
nerves to the ciliary ganglion and then along the ophthalmic di-
vision of the trigeminal nerve. The afferent pathway terminates
in the main trigeminal sensory nucleus in the floor of the fourth
ventricle. The efferent pathway starts in the fibers of the vagal



cardiac depressor nerve, resulting in negative inotropic and con-
duction effects. Although OCR may occur most commonly dur-
ing ocular surgery, it may also occur during nonocular surgery
when pressure is placed on the eyeball.16 It has been suggested
that the more acute the onset, and the more sustained the pres-
sure or traction, the more likely OCR is to occur. In people,
OCR occurs most frequently during strabismus surgery in chil-
dren and may be related to the degree of traction necessary to
expose the medial rectus muscle during surgery.16 Hypercapnia
significantly increases the incidence of bradycardia in these
patients.

Atropine administration to prevent or treat the OCR is contro-
versial in humans.16 Cardiac dysrhythmias may occur after at-
ropine administration, especially in the presence of halothane,
and may persist longer than the OCR response. In children, intra-
venous (IV) atropine or glycopyrrolate were more effective in
preventing OCR than was intramuscular premedication with at-
ropine, with glycopyrrolate producing less of a tachycardic effect
than atropine.34

Bradycardia is the most common manifestation of OCR, al-
though other dysrhythmias are possible, as already mentioned.
Treatment of OCR should begin with discontinuing stimulation.
The OCR ceases when stimulation ceases, so communication
with the surgeon to discontinue procedural stimulation is vital if
an OCR is suspected. Fortunately, it is possible for the OCR to
fatigue with repeated, prolonged stimulation.16 If bradycardia
persists, treatment with atropine (0.02 mg/kg IV), or injection of
lidocaine into the eye muscles to prevent transmission along the
afferent limb of the reflex, may be effective.3 Precautions against
initiation of the OCR should include assuring an adequate depth
of anesthesia, maintaining normocarbia, and gentleness of surgi-
cal manipulation.16

Ophthalmic Medications
Eyedrops are concentrated medications that may cause systemic
side effects, especially when administered to very small patients.
Systemic effects may be minimized by diluting topical medica-
tions and limiting their frequency of application.4,16

Cholinergic Agents
Glaucoma may be treated with cholinergic agents that decrease
IOP primarily by increasing aqueous outflow. Direct-acting
cholinergic agents are similar in structure to acetylcholine and
produce effects similar to acetylcholine when absorbed systemi-
cally. Indirect-acting cholinergic agents are anticholinesterases.
These facilitate the buildup of acetylcholine by slowing its enzy-
matic hydrolysis. Pilocarpine is a topical, direct-acting choliner-
gic agent commonly used in the treatment of glaucoma and may
produce bradycardia or atrioventricular block if absorbed sys-
temically.1 These dysrhythmias may be similar to, and difficult to
distinguish from, those produced by the OCR.35 As mentioned in
the section on neuromuscular blocking agents, to prevent prolon-
gation of depolarizing neuromuscular blockade, anticholinester-
ase administration should be discontinued 2 to 4 weeks prior to
succinylcholine administration.35

Adrenergic Agents
Adrenergic agonists and antagonists are both used to treat glau-
coma. Although the exact mechanisms for decreasing IOP are not
clear, it is believed that the agonists primarily increase aqueous-
humor outflow, whereas the antagonists primarily decrease aque-
ous humor production.1 Adrenergic agonists, such as epinephrine
or dipivefrin, may predispose patients to catecholamine-induced
cardiac dysrhythmias. Topical application of adrenergic agonists
has been associated with increased HR and BP in people.36

Phenylephrine is an adrenergic agonist that is used to produce
mydriasis prior to cataract surgery or in patients with uveitis.
Subconjunctival phenylephrine has been associated with hyper-
tension and pulmonary edema in a horse during anesthetic recov-
ery.33 In dogs undergoing cataract surgery, topical treatment with
phenylephrine has been associated with arterial hypertension.37

Topical application of 10% phenylephrine increased arterial BP
and reflex bradycardia in normal dogs.38 It has been suggested
that the susceptibility of patients to the adverse effects of topi-
cally applied phenylephrine during anesthesia depends on several
factors, including individual variability, frequency of application,
concentration of the solution, and the anesthetic regimen.39

Acepromazine may be useful in counteracting the hypertension
produced by phenylephrine.37,39

Timolol, a nonselective ß-adrenergic antagonist that is com-
monly used to treat glaucoma, has been associated with more ad-
verse systemic effects in people than have any other topically ap-
plied glaucoma medications.40 Systemic effects in people may
include bradycardia, hypotension, congestive heart failure, and
exacerbation of asthma and myasthenia gravis.16 Profound
bradycardia has been observed in dogs after topical administra-
tion. Significant decreases in HR and BP have been observed in
anesthetized dogs within 30 min of topical timolol administra-
tion.41 Decreased IOP in both the ipsilateral and the contralateral
eyes further substantiated systemic absorption of the drug.
Timolol administration is contraindicated in animals with heart
block, cardiac failure, or obstructive pulmonary disease.41

Carbonic Anhydrase Inhibitors
These inhibitors, such as methazolamide, decrease IOP by de-
creasing aqueous-humor production.42 Carbonic anhydrase is
found in other tissues besides the eyes, most notably the red
blood cells and kidneys.42,43 Administration of systemic carbonic
anhydrase inhibitors impacts ion exchange in the kidneys, result-
ing in the retention of chloride and the excretion of bicarbonate
and potassium. Treated patients may have metabolic acidosis and
electrolyte imbalances, most notably hypokalemia and hyper-
chloremia. Some carbonic anhydrase inhibitors cause profound
potassium excretion, as evidenced by the presence of hy-
pokalemia despite metabolic acidosis that would typically be ac-
companied by hyperkalemia.43

Acidosis and electrolyte imbalances may disrupt cardiovascu-
lar and neurological function. Hyperventilation would typically
occur during metabolic acidosis as a compensatory mechanism,
but hypoventilation during anesthesia may exacerbate the meta-
bolic acidosis by inducing respiratory acidosis.44 Acidosis may
increase the potential for cardiac dysrhythmias during anesthesia.
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Ideally, metabolic acidosis and electrolyte imbalance would be
corrected prior to anesthesia, and ventilatory support would be
provided to prevent significant respiratory acidosis.

Osmotic Agents
Examples of osmotic agents for treatment of glaucoma include
mannitol and glycerin. These agents are usually used to produce
a rapid decrease in IOP in patients with acute or subacute glau-
coma, and are usually administered immediately prior to surgery.
Increased central venous pressure, increased serum osmolality,
and pulmonary edema have been reported in dogs treated with
mannitol.45,46 The increase in osmolality may last for several
hours. Although clinical pulmonary edema was not evident, his-
tological evidence of pulmonary edema has been reported for
dogs that received mannitol during methoxyflurane anesthesia.47

It was suggested that pulmonary edema was less likely in patients
being mechanically ventilated when compared with patients
breathing spontaneously. Osmotic agents are not recommended
in patients with preexisting cardiac or pulmonary disease, renal
dysfunction, or dehydration.1

Corticosteroids
Prolonged topical eye or systemic administration of cortico-
steroids may depress adrenocortical function.48,49 The need for
corticosteroid supplementation in these patients prior to the
stress of surgery and anesthesia has not been clearly determined.
If hypoadrenocorticism is present, corticosteroids may be admin-
istered prior to anesthesia and surgery.50,51 It should be remem-
bered that the coadministration of corticosteroids and NSAIDs
may exacerbate the toxicity of both classes of drugs.

Anesthetic Drugs
Inhalation Agents
Inhaled anesthetics reduce IOP proportional to the depth of anes-
thesia in human patients during controlled ventilation and nor-
mocapnia. Reductions of 14% to 50% have been noted.16

Methoxyflurane has historically been the inhalation anesthetic
preferred by ophthalmologists. It was believed to provide greater
extraocular muscle relaxation, as well as a hypotonic and cen-
trally rotated eye.50,52 Additionally, the slower recovery from
anesthesia was preferred for ocular patients. Methoxyflurane is
no longer commonly used in veterinary patients. It has been re-
placed with halothane, isoflurane, and sevoflurane, which pro-
vide rapid induction and recovery. Rapid recovery, however, po-
tentially increases the risk of iatrogenic trauma or intraocular
bleeding. Appropriate preoperative or postoperative medication
should be used to provide a slower, calmer recovery.

In human adults, halothane decreases IOP, but in a manner that
is not dose dependent and has a ceiling effect.53 Isoflurane ef-
fects on IOP are similar to those of halothane.53 Halothane sen-
sitizes the heart to catecholamines,54 which may become prob-
lematic in ocular patients that receive topical adrenergic drugs. It
is not unusual for ophthalmic surgeons to administer intraocular
epinephrine to dilate the pupil and control intraocular bleeding
during surgery. Epinephrine may be readily absorbed through oc-

ular vasculature and produce systemic effects, such as cardiac
tachydysrhythmias or premature ventricular beats, which may be
exacerbated by halothane. In dogs and cats, the dysrhythmogenic
dose of epinephrine is much higher when used with isoflurane,54

possibly making it the preferred inhalation agent when used with
exogenously administered catecholamines. It has been suggested
that extraocular muscle relaxation and position of the globe are
superior with isoflurane, but the information is anecdotal.33

Although there is little information on the ocular effects of
sevoflurane in veterinary patients, it is presumed to have effects
on the eye similar to those of halothane and isoflurane. In hu-
mans undergoing nonophthalmic surgery, IOP was decreased
equally in those patients receiving sevoflurane when compared
with those receiving propofol.55 In patients undergoing elective
ophthalmic surgery, IOP did not increase during sevoflurane and
remifentanil anesthesia in response to tracheal intubation or la-
ryngeal mask airway insertion.56

Nitrous oxide (N2O) administration is contraindicated when
intraocular gas or air injection is intended for a closed eye.35,57

Air is sometimes injected into the anterior chamber of the eye to
prevent synechia formation after corneal laceration or staphy-
loma repair. N2O may diffuse into the intraocular air bubble,
causing it to expand faster than the air can diffuse out, thereby in-
creasing IOP. Sulfur hexafluoride (SF6) may be injected into the
vitreous space in retinal reattachment surgery and may expand to
undesirable dimensions in conjunction with N2O administration,
resulting in increased IOP. It is recommended that if intraocular
gas injection is intended in a closed eye, that N2O be discontin-
ued at least 15 to 20 min prior to injection. For repeat anesthetic
episodes, it is also recommended that N2O not be administered
for at least 5 days after intraocular air injections and for 10 days
after SF6 injection.35,57

Injectable Anesthetic Agents and Adjuncts
Anticholinergic Agents
Administration of atropine or glycopyrrolate to canine ophthalmic
patients is controversial.50,58,59 One potential benefit is preventing
the OCR, but anticholinergic administration may be undesirable
in the presence of preexisting tachycardia. Conversely, anticholin-
ergic administration may be appropriate in patients with preexist-
ing bradycardia, or with concurrent administration of injectable
drugs that may induce bradycardia (i.e., opioids and �2-agonists).
Cannulation of the parotid duct may be more difficult during
parotid duct transposition surgery if anticholinergics are adminis-
tered preoperatively.60 The potential for colic in horses contraindi-
cates the routine administration of anticholinergics.

Topically applied atropine produces cycloplegia, which de-
creases aqueous filtration, and mydriasis, which predisposes pa-
tients to filtration angle closure. Both of these effects will in-
crease IOP in dogs and people with glaucoma, but the effects of
systemically administered anticholinergics on pupil size and
IOP are not clear. In people, systemically administered atropine
or glycopyrrolate has no effect on IOP in normal patients, and
atropine has no effect on IOP in people with glaucoma.59,61

Atropine administered with neostigmine to reverse nondepolar-
izing neuromuscular blockade does not seem to increase IOP.16



Glycopyrrolate administered parenterally had no effect on pupil
size or IOP in normal dogs, but the effects of atropine under
similar circumstances was not investigated.61 In a retrospective
study of glaucomatous dogs, anticholinergic administration did
not adversely affect IOP, but only 30% of the dogs in the study
had received anticholinergic treatment.61 It has been suggested
that glycopyrrolate may have a lesser effect on pupil size and
IOP than does atropine. This effect may be due to poor cellular
penetration of end organs by quaternary ammonium compounds,
such as glycopyrrolate, when compared with the tertiary amines,
such as atropine. Consequently, the use of glycopyrrolate may
be preferred in glaucoma patients requiring anticholinergic
treatment.59

Barbiturates and Propofol
Thiopental and pentobarbital decrease IOP.5,6 The mechanism
for reduction is believed to be depression of the areas of the cen-
tral nervous system (diencephalon) influencing IOP, and facilita-
tion of aqueous outflow.16 Thiopental decreases IOP in both nor-
mal and glaucomatous eyes.

Although chemically dissimilar, propofol has clinical pro-
perties similar to those of thiobarbiturates.62 Studies in humans
indicate that propofol decreases IOP and may negate the in-
crease in IOP associated with intubation or the administration
of depolarizing NMBs.62 The effect of propofol on IOP in chil-

dren is similar to that of thiopental during induction of general
anesthesia.63

Etomidate
Although etomidate decreases IOP, etomidate-associated my-
oclonus may actually increase IOP.3,16 It is recommended that
etomidate not be used alone for induction, but rather in conjunc-
tion with a benzodiazepine muscle relaxant (i.e., diazepam or mi-
dazolam) in patients with penetrating eye wounds.

Dissociative Anesthetics
The effects of the dissociative anesthetics in ophthalmic patients
are contradictory, both for human and veterinary patients. In peo-
ple, early studies indicate that ketamine increases IOP, but keta-
mine does not affect IOP when administered after diazepam and
meperidine. When administered intramuscularly, ketamine may
even lower IOP in children.5

Ketamine induces extraocular muscle contractions, which may
increase IOP in some species.50,64 In horses, but not in dogs,
prior administration of xylazine attenuates the increase in
IOP.64,65 In patients with the potential for globe rupture, such as
a penetrating eye wound or deep corneal ulcer, the extraocular
muscle contractions and increases in IOP are undesirable, sug-
gesting that the use of ketamine should be avoided in patients
when rupture of the globe is a concern.

Ketamine causes nystagmus, which may persist even when
combined with xylazine, making ketamine unacceptable as the
sole anesthetic for ophthalmic procedures.50,65 The palpebrae re-
main open, the pupils dilate, and the palpebrae and corneal re-
flexes persist after ketamine administration.25,66 Ocular reflexes
also persist after administration of the anesthetic combination of

tiletamine, a dissociative anesthetic, and the benzodiazepine zo-
lazepam. Ketamine does not appear to decrease tear production
in cats,67 but the palpebrae remain open, which allows corneal
drying and necessitates application of an ocular lubricant.
Recoveries from ketamine administration can be very prolonged
and uncoordinated, predisposing patients to ocular trauma.50

�2-Adrenergic Agonists
Intramuscularly administered xylazine causes dogs and cats to
vomit. Vomiting is less likely when xylazine is administered IV,
but the potential still exists.68 Consequently, xylazine should be
used cautiously in patients with penetrating eye wounds.

Xylazine produces mydriasis in some species, possibly by in-
hibiting central parasympathetic tone to the iris or through stim-
ulation of �2-adrenoceptors located in the iris.69 In cats, rabbits,
and monkeys, it has been reported that xylazine decreases IOP by
depressing sympathetic function and decreasing aqueous pro-
duction.70 In horses, two studies determined that IOP could be
decreased by 23% with the administration of 0.3 mg/kg xylazine
IV and by 27% with the administration of 1.0 mg/kg xyla-
zine IV.71,72

Systemically administered xylazine may cause acute re-
versible lens opacity in rats and mice.73 Topical application of
xylazine produces cataract formation in the treated eye, whereas
the contralateral eye remains unaffected. The mechanism for this
effect is unknown. As mentioned previously, xylazine does not
reduce tear production in dogs, but the combination of xylazine
and butorphanol apparently works synergistically to decrease
tear production significantly.12 Xylazine does not decrease tear
production in horses.9

Medetomidine is a more selective �2-adrenergic agonist.
Topical administration of medetomidine decreased IOP in cats
and rabbits, while producing mydriasis, suggesting that there are
�2 receptors in the eye that are involved in the regulation of
IOP.74–76 In contrast, IV administration of medetomidine re-
sulted in miosis in normal dogs, without a decrease in IOP.77

IOP was not affected by systemically administered medetomi-
dine in dogs that had received tropicamide (an anticholinergic
and cycloplegic agent) topically. The pupil size in these dogs in-
creased after tropicamide administration and continued to in-
crease slightly after medetomidine administration, although it
was not determined whether the continued increase was exclu-
sively caused by the medetomidine.78 Lens opacification has not
been reported after medetomidine administration. Medetomidine
may be administered as a continuous-rate infusion (CRI) in ocu-
lar patients to provide profound sedation and moderate analgesia
postoperatively. The effects of systemically administered �2-
agonists on IOP should be taken into consideration when tonom-
etry is anticipated.

Benzodiazepines
Both midazolam and diazepam decrease IOP in dogs and cats
after IV administration.6,79,80 The IOP decrease may be related to
the centrally acting muscle-relaxant properties of the benzodi-
azepines. One study suggests that diazepam may negate the in-
crease in IOP that occurs after ketamine administration.5
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Phenothiazines
Acepromazine is a sedative with antiemetic properties that may
prevent vomiting and gagging in ophthalmic patients who have
undergone intraocular surgery or have a ruptured eye. In horses,
acepromazine has decreased IOP as much as 20%.72 The longer
action of acepromazine may be useful in providing a slower, qui-
eter anesthetic recovery, thereby reducing the potential for post-
operative trauma.

Analgesia
Ocular and periocular structures are richly innervated and highly
sensitive. Symptoms of ocular pain include blepharospasm, pho-
tophobia, ocular discharge, rubbing of the eyes, and avoidance
behavior. A variety of topical and systemic drug therapies are
currently available to address pain management adequately in
ophthalmic patients.

Opioids
Opioid selection for ocular patients should include consideration
of quality of analgesia and appropriate duration of action.
Opioids may be administered as a periodic injection or as a CRI.

Morphine decreases IOP, and other opioids are assumed to
have the potential for a similar effect.6 Emesis, and the associated
increase in IOP, is a possible side effect of opioid administration.
This may suggest that opioid administration should be delayed
until the patient is anesthetized. Bradycardia, which may predis-
pose patients to the OCR, occurs with some opioids and may ne-
cessitate administration of an anticholinergic. As mentioned pre-
viously, the effects of opioids on pupil size are variable among
species.27,28 Morphine produces miosis in dogs, rabbits, and peo-
ple, and mydriasis in cats, rats, mice, and monkeys.27,28

Nonsteroidal Anti-inflammatory Drugs
Nonsteroidal anti-inflammatory drugs (NSAIDs) can inhibit both
isoforms of the cyclooxygenase enzyme: COX-1 and COX-2.
Although there is significant overlap in COX isoform functions,
COX-1 is important for normal physiological function of the gas-
trointestinal tract, renal system, platelets, and blood flow to spe-
cific tissues.79 Cyclooxygenase 2 is produced in part by
macrophages and inflammatory cells that have been stimulated by
cytokines and other inflammatory mediators, and is considered to
be associated with the production of inflammation and pain.80

Most of the currently used NSAIDs in veterinary medicine inhibit
both COX-1 and COX-2.80,81 Other possible anti-inflammatory
actions of NSAIDs include suppression of polymorphonuclear
cell locomotion and chemotaxis through inhibition of leukotriene
synthesis, decreased expression of inflammatory cytokines and
mast cell degranulation, free-radical scavenging, and local anti-
inflammatory effects caused by the accumulation of NSAIDs as
organic acids at the site of inflammation.79,82–84 The responsive-
ness of the feline cornea to chemical stimuli of polymodal noci-
ceptors was diminished by NSAIDs, suggesting that corneal pain
may be inhibited by NSAIDs.85 This effect may be due not only
to inhibition of cyclooxygenase activity, but also to a direct effect
of NSAIDs on the excitability of polymodal nerve endings.

Both systemic and topical administration of NSAIDs are
widely used in ocular patients, with flunixin being the most pop-
ular. NSAIDs effectively prevent intraoperative miosis, and con-
trol postoperative pain and inflammation after intraocular proce-
dures, as well as controlling uveitis and alleviating pain from
various other ocular conditions or disease processes.86

NSAIDs have been associated with decreased platelet aggre-
gation, gastrointestinal ulceration and bleeding, and renal and he-
patic damage.87 Topical NSAID administration is associated with
irritation of the conjunctiva, corneal cytopathy, decreased aque-
ous outflow, and its systemic absorption through nasal mu-
cosa.88,89 The use of NSAIDs in acutely inflamed canine eyes
may increase IOP, possibly due to decreased aqueous outflow.89

Corneal complications reported with topical use of NSAIDs in
humans may be attributable to the solution’s vehicle, solubilizer,
or preservative, rather than the active drug itself.79

Coordination of systemic and topical NSAID application is es-
sential to prevent excessive administration and toxicity. The
NSAIDs should be used cautiously in geriatric patients, who
often have preexisting renal and gastrointestinal disease.

Intravenous Lidocaine
In a preliminary study of dogs undergoing intraocular surgery, it
was determined that lidocaine administered IV as a loading dose
(1.0 mg/kg) followed by CRI (0.025 mg/kg/min) may provide
preemptive analgesia similar to morphine administered IV as a
loading dose (0.15 mg/kg) followed by CRI (0.1 mg/kg/h).87 The
exact mechanism for the analgesic effects of IV lidocaine in
these patients has not been established, although inhibition of A-
� fiber and C-fiber discharges from sensory neurons of the eye
may be involved.

Local and Regional Anesthesia
Local or regional anesthesia may be adequate for less invasive
procedures or may be included as part of a balanced general
anesthetic regimen. Topical anesthesia for diagnostic and thera-
peutic procedures in veterinary ocular patients usually requires
accompanying sedation to gain cooperation of the patient.
Topical anesthesia and sedation may be the preferred technique
in ruminants and horses in which a standing procedure is antici-
pated or in other patients in which general anesthesia would be
accompanied by unacceptable risk.

Local anesthetics applied topically are readily absorbed
through mucous membranes.1 Systemic toxicosis is possible,
though unlikely, but administration to small patients should be
judicious.90,91 Topical anesthetics can be irritating and cause
transient conjunctival hyperemia, as well as damage corneal ep-
ithelium, delay corneal wound healing, and mask signs of disease
or discomfort.1 It is recommended, therefore, that topical anes-
thetics be reserved for diagnostic rather than therapeutic pur-
poses. Tear production and blink reflex will be reduced after
topical anesthetic administration, necessitating the application 
of ocular lubricant to protect the cornea after completion of the
procedure.1

Topical administration of 1% morphine sulfate solution ap-
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pears to provide local analgesia in dogs with corneal ulcers.92

The antinociceptive effect is possibly a result of interaction with
µ opioid receptors, which have been identified in small numbers
in normal canine corneas, and � opioid receptors, which have
been identified in the corneal epithelium and stroma of dogs. In
contrast with the local anesthetics, this local analgesic effect is
produced without delaying corneal wound healing or causing any
discernible tissue damage.92

Administration of local anesthetic to the surface of an open
wound is referred to as a splash block. Splash blocks may be used
for intraoperative and postoperative analgesia in ocular patients
(i.e., after enucleation). Bupivacaine (0.5%) is commonly used
for this technique because of its longer action. The maximum
dose should not exceed 2.0 mg/kg to avoid potential toxicosis.
Epinephrine may be added to the bupivacaine (1:200,000) to re-
duce bleeding and delay systemic absorption. In a recent study
assessing the duration of effect of topical local anesthetic admin-
istration, it was determined that two applications of 1 drop of
0.5% proparacaine, with a 1-min interval between drops, resulted
in 25 min of reduced corneal sensation in dogs.93

Regional anesthetic techniques commonly used for ocular pa-
tients include auriculopalpebral nerve block, supraorbital nerve
block, and retrobulbar injection. Techniques for these nerve
blocks are described elsewhere in this text.94

The auriculopalpebral nerve, which is a terminal branch of the
facial nerve (cranial nerve VII), provides motor innervation to the
orbicularis oculi muscle. Blockade of the auriculopalpebral nerve
eliminates forceful blepharospasms, thereby facilitating ocular
examination or minor surgical or diagnostic procedures.1 In
horses, auriculopalpebral block has no adverse effects on tear
production or IOP.74,95

The supraorbital nerve, which is a termination of the oph-
thalmic branch of the trigeminal nerve (cranial nerve V), pro-
vides sensory innervation to most of the superior palpebra.
Blockade of this nerve is commonly performed in sedated horses
for placement of a subpalpebral lavage tube, repair of a palpebral
laceration, or other similar minor procedures.1 Other sensory
nerves that are less commonly blocked include the infratrochlear,
zygomatic, and lacrimal nerves.

Retrobulbar or peribulbar injection can be performed as an ad-
junct to sedation or general anesthesia. Retrobulbar injection of
local anesthetic will block the optic (cranial nerve II), oculomo-
tor (III), trochlear (IV), ophthalmic and maxillary divisions of the
trigeminal (V), and the abducens (VI) nerves. Blockade of these
nerves causes desensitization of the globe and palpebrae, akine-
sia of the globe, transient vision loss, pupil dilation, and de-
creased IOP.1 The Peterson eye block is a well-known example
of a retrobulbar technique used in cattle for regional anesthesia.
During general anesthesia, retrobulbar injection has also been
performed in horses to eliminate ocular movement without the
accompanying disadvantages of deeper planes of anesthesia.33,96

Potential complications of retrobulbar injection include retrobul-
bar hemorrhage, trauma to the optic nerve or globe, intrathecal
injection of local anesthetic, and death.90 Retrobulbar injection
has been advocated to prevent the OCR, but performance of the
technique itself has the potential to elicit the OCR.1,16 Large vol-

umes of local anesthetic or orbital hemorrhage may cause either
proptosis of the globe or displacement of the vitreous if the globe
has been penetrated.1

Neuromuscular Blocking Agents
Paralysis of extraocular muscles relaxes the eye, allowing the
globe to roll centrally and proptose slightly. These effects greatly
facilitate positioning of the globe for ophthalmic surgery,97,98

eliminating the need for significant surgical manipulation to ob-
tain proper globe positioning and decreasing the potential for ini-
tiating the OCR.58

Depolarizing NMBs, such as succinylcholine, increase IOP
just prior to paralysis in horses and people.5,6,99 This effect may
be due to an increase in choroidal vascular dilatation, or initial
contraction of extraocular and orbital musculature. The increase
in IOP subsides after approximately 8 min.100 Although the in-
crease in IOP would indicate that the use of succinylcholine
should be avoided in patients with severely compromised eyes
that are at risk for rupture, administration in patients with intact
globes would seem reasonable as long as enough time was al-
lowed for the increase in IOP to subside prior to incision.

Nondepolarizing NMBs do not appear to increase IOP.35

Studies have indicated that vecuronium and pancuronium de-
crease IOP, whereas atracurium has no effect on IOP in people
and dogs.101–105

As mentioned previously, indirect-acting cholinergic drugs are
anticholinesterases that are used for treating glaucoma. Because
anticholinesterases inhibit or inactivate the plasma pseudo-
cholinesterases responsible for the metabolism of succinyl-
choline, they may cause prolonged paralysis.106 It has been rec-
ommended that indirect-acting cholinergic drugs be discontinued
2 to 4 weeks prior to neuromuscular blockade with succinyl-
choline, although normal levels of plasma pseudocholinesterase
activity may not be totally restored for 4 to 6 weeks.35

The effects of depolarizing NMBs are not reversible, whereas
those of the nondepolarizing NMBs are reversible with anti-
cholinesterases, such as neostigmine and edrophonium. Anticho-
linesterases are not associated with increases in IOP.3 An anti-
cholinergic (e.g., atropine or glycopyrrolate) is commonly
administered prior to the anticholinesterase to prevent profound
bradycardia in small animals and ruminants. Although the use of
anticholinergics is usually avoided in horses, anticholinesterases
may still be used for nondepolarizing NMB reversal, but should
be administered very slowly while the HR is monitored. Alter-
natively, the use of nondepolarizing NMBs with a briefer action,
such as atracurium, may be more desirable to avoid the need for
reversal.3 Neuromuscular paralysis reversal should be complete
to prevent hypoventilation, struggling during recovery, self-
trauma, and increases in IOP.

As mentioned previously, birds have striated rather than
smooth iris musculature and may require paralysis to produce
mydriasis. Topically applied parasympatholytic or sympath-
omimetic agents are ineffective in birds.1 Intracameral injection
of d-tubocurarine has produced mydriasis in pigeons.107 Apnea
and salivation occurred in raptors after intracameral injection of
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muscle relaxants.24 Topically applied vecuronium was found to
produce the most consistent and greatest pupillary dilation in
three species of psittacines with the fewest systemic side effects
when compared with d-tubocurarine and pancuronium.108

However, the differences in systemic side effects among the three
psittacine species indicate that vecuronium should be used cau-
tiously when applied bilaterally.

The use of sequential nondepolarizing and depolarizing NMBs
is controversial.3 In humans, a small amount of nondepolarizing
NMB is administered first to block the initial muscle contractions
of the depolarizing NMB. The depolarizing NMB is then admin-
istered to produce immobilization and allow intubation. Although
this technique prevents coughing and gagging, and muscle fasci-
culations are not evident, IOP still increases during intubation.16

Increases in IOP may occur with increases in PaCO2, necessi-
tating mechanical ventilation, which may be facilitated by the ad-
ministration of NMBs. It has been suggested, however, that hy-
perventilation may fail to decrease IOP because of the increases
in intrathoracic and central venous pressure accompanying the
use of mechanical ventilation.105

Electroretinography and Anesthesia
Electroretinography (ERG) is used primarily as a diagnostic test
for progressive retinal atrophy or other degenerative retinal disor-
ders, and to assess retinal integrity in dogs for which ophthalmo-
scopic evaluation of the fundus is not possible prior to cataract
surgery.109 Complete ocular akinesia is preferred during the ERG,
which requires general anesthesia, and possibly neuromuscular
blockade. The ERG requires dark adaptation of the patient and is
performed in the dark, which makes anesthetic monitoring a chal-
lenge. There has been no standard generated for the ERG in
unanesthetized patients.109 Halothane and isoflurane depress the
ERG in dogs, but the results are considered useful as long as the
ERG for the patient and the control animal are generated under
identical anesthesia conditions.1,110,111 No single anesthetic pro-
tocol has been established for the performance of ERGs, although
propofol induction with isoflurane maintenance has been used
successfully in dogs.112 Sedation and a cooperative patient may
prove adequate for a semiquantitative ERG as is typically per-
formed for preoperative screening of cataract patients.1
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Introduction
The ideal anesthetic protocol for cesarean section would provide
ample analgesia, muscle relaxation, and sedation or narcosis for
optimal operating conditions and safety without unduly endan-
gering either mother or fetus. By their very nature, anesthetics,
analgesics, tranquilizers, and sedatives cross the blood-brain bar-
rier. Because the physicochemical properties that allow drugs to
cross the blood-brain barrier also enable their placental transfer,
it is not possible to selectively anesthetize the mother. Agents that
affect the maternal central nervous system will also produce fetal
effects, which effects are generally characterized by depression
and decreased viability. In many cases, cesarean section is an
emergency procedure. Due to the emergent nature of surgical
fetal extraction, the physical condition of the mother and fetus is
less than optimal because veterinary assistance has been delayed.
Thus, the veterinarian is faced with the dilemma of having to
anesthetize the mother, who may already be compromised, with-
out adversely affecting the fetus.

Selection of an anesthetic protocol for cesarean section should be
based on safety of the mother and fetus, patient comfort, and veteri-

narian’s familiarity with the anesthetic technique. Factors in deci-
sion making regarding anesthesia protocol include considerations
of the physiological alterations induced by pregnancy and labor, the
pharmacology of selected drugs and their direct and indirect effects
on the fetus and neonate, the benefits and risks of the techniques
chosen, and the risk of procedure-related complications associated
with anesthetic management. Regardless of the technique used, a
major goal associated with drug selection should be to minimize
fetal depression. This may be achieved by surgical expediency,
which decreases maternal recumbency time and fetal drug absorp-
tion. This goal is of major importance in the larger species. With
prolonged uterine isolation prior to fetal delivery, placental perfu-
sion decreases, resulting in fetal hypoxemia, acidosis, and distress.

Physiological Alterations Induced by
Pregnancy
Metabolic demands of gestation and parturition are met by al-
tered physiological function (Table 45.1). Most of the data de-
scribing physiological alterations of pregnancy have been ob-
tained from data collected in humans and ewes. Although little
work has been done in other species, the changes should be com-
parable, if not greater, in magnitude. Birth weight expressed as
percentage of maternal weight for people, sheep, dogs, and cats
is 5.7%, 11.4%, 16.1%, and 13.2%, respectively.1 This suggests
that the physiological burden and therefore physiological alter-
ations may actually be greater in animals than in women.

Cardiovascular
During pregnancy, maternal blood volume increases by approxi-
mately 40%; plasma volume increases more than red cell mass,
resulting in decreased hemoglobin concentration and packed cell
volume.2 Increased heart rate and stroke volume cause cardiac
output to increase 30% to 50% above normal.3,4 Plasma estro-
gens decrease peripheral vascular resistance, resulting in an in-
crease in cardiac output while systolic and diastolic blood pres-
sures remain unchanged. During labor and the immediate
postpartum period, cardiac output increases an additional 10% to
25% as a result of blood being extruded from the contracting
uterus.5 Cardiac output during labor is also influenced by body
position, pain, and apprehension.2 During labor, systolic pressure
increases by 10 to 30 mm Hg. Although central venous pressure
does not change during pregnancy, because of increased venous
capacity, it increases slightly (4 to 6 cm of water) during labor
and has been reported to increase by 50 cm of water during
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painful fetal extraction.6 The posterior vena cava and aorta can be
compressed by the enlarged uterus and its contents during dorsal
recumbency. This can cause decreased venous return and cardiac
output with resultant decreased uterine and renal blood flow.
Although this does not appear to be as serious a problem in dogs
and cats, time spent restrained or positioned in dorsal recum-
bency should be kept to a minimum.7,8

Because cardiac work is increased during pregnancy and par-
turition, cardiac reserve is decreased. Patients with previously
well-compensated heart disease may suffer pulmonary conges-
tion and heart failure caused by additional cardiac workload as-
sociated with gestation and the increased hemodynamic demand
secondary to parturition-associated pain. In such patients, pain
and anxiety control is a key component of successful manage-
ment. However, care must be taken to avoid additional cardiac
depression and decompensation induced by excessive doses of
sedatives or anesthetics. The use of ecbolic agents during or after
parturition can adversely affect cardiovascular function. Oxyto-
cin in large or repeated doses induces peripheral vasodilation and
hypotension, which can adversely affect both mother and fetus
through decreased tissue perfusion. Ergot derivatives induce
vasoconstriction and hypertension.9

Pulmonary
During pregnancy, increased serum progesterone concentration
enhances respiratory center sensitivity to arterial partial pressure

(tension) of carbon dioxide (PaCO2). As a result of increased
ventilatory minute volume, PaCO2 progressively decreases dur-
ing gestation and is near 30 mm Hg at parturition. Because of
long-term renal compensation, respiratory alkalosis does not af-
fect arterial pH. Ventilation may be further increased during labor
by pain, apprehension, and anxiety. Oxygen consumption in-
creases by 20% owing to the developing fetus, placenta, uterine
muscle, and mammary tissue. Arterial oxygen tension remains
unchanged.2

Pregnancy also affects the mechanics of ventilation. Airway
conductance is increased and total pulmonary resistance is de-
creased by progesterone-induced relaxation of bronchial smooth
muscle. Lung compliance is unaffected. Functional residual ca-
pacity (FRC) is decreased by anterior displacement of the di-
aphragm and abdominal organs by the gravid uterus. In addition,
during labor, FRC decreases further because of increased pul-
monary blood volume subsequent to intermittent uterine con-
traction. Because of the decrease in FRC, airway closure at end
exhalation develops in approximately one-third of human par-
turients during tidal ventilation.2 Total lung capacity and vital ca-
pacity are unaltered. Because FRC is decreased, hypoventilation
induces hypoxemia and hypercapnia more readily in pregnant
than nonpregnant patients. Hypoxemia is exacerbated by
increased oxygen consumption during labor. Oxygen administra-
tion prior to anesthetic induction increases oxygen reserve by fa-
cilitating pulmonary denitrogenation. Preoxygenation is advis-
able if a patient is tolerant.

Induction of anesthesia with inhalation agents is more rapid in
pregnant than nonpregnant patients. Equilibration rate between
inspired and alveolar anesthetic partial pressure is accelerated by
increased alveolar ventilation and decreased FRC. Additionally,
increased progesterone and endorphin levels in the central ner-
vous system decrease anesthetic requirements. Minimum alveo-
lar anesthetic concentration values are reduced in pregnant com-
pared with nonpregnant ewes. Thus, anesthetic induction may be
extremely rapid, requiring as little as one-fourth to one-fifth the
time required for nonpregnant patients.10 Care must be taken to
prevent volatile-agent overdose in pregnant patients.

Gastrointestinal
A number of functional changes in gastrointestinal tract physiol-
ogy occur with gestation and parturition. Physical displacement
of the stomach by the gravid uterus, decreased gastric motility,
and increased serum progesterone delay gastric emptying during
gestation and are manifest during the last trimester. Acid, chlo-
ride, and enzyme concentrations in gastric secretions are in-
creased associated with altered hormone physiology during ges-
tation. Lower esophageal sphincter tone is decreased, and
intragastric pressure is increased. Pain and anxiety during labor
have been shown to decrease gastric motility further.2

As a result of altered gastric function, the risk of regurgitation
(both active and passive) and aspiration is greater in parturients.
Because increased gastric acidity and decreased gastric muscular
tone may be present, metoclopramide and an H2 antagonist drug
(cimetidine, ranitidine, or famotidine) may be administered as
part of the preanesthetic protocol.11 Frequently, patients pre-
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Table 45.1. Physiological alterations induced by pregnancy.

Variable

Heart rate c

Cardiac output c

Blood volume c

Plasma volume c

Packed cell volume, hemoglobin, and 
plasma protein d

Arterial blood pressure o
Central venous pressure o, c During labor
Minute volume of ventilation c

Oxygen consumption c

pHa and PaO2 o
PaCO2 d

Total lung and vital capacity o
Functional residual capacity d

Gastric emptying time and intragastric pressure c

Gastric motility and pH of gastric secretions d

Gastric chloride ion and enzyme concentration c

SGOT, LDH, and BSP retention time c

Plasma cholinesterase d

Renal plasma flow and glomerular filtration rate c

Blood urea nitrogen and creatinine d

Sodium ion and water balance o

o, no change. BSP, sulfobromophthalein sodium; LDH, lactate dehydroge-
nase; PaO2, arterial oxygen partial pressure; PaCO2, arterial carbon dioxide
partial pressure; pHa, arterial pH; SGOT, serum glutamic-oxaloacetic
transaminase.



sented for cesarean section have been fed or the time of the last
feeding is unknown. Parturients should be regarded as having a
full stomach, and anesthesia techniques should be selected that
produce rapid airway management and control to prevent aspira-
tion of foreign material. Incidence of vomiting is increased by
hypotension, hypoxia, and toxic reactions to local anesthetics.
Smooth induction of general anesthesia and prevention of hy-
potension during epidural anesthesia will decrease the incidence
of vomiting. Because silent regurgitation can occur when intra-
gastric pressure is high, a cuffed endotracheal tube is preferred
for airway management. Passive regurgitation can be induced by
positive-pressure ventilation with a face mask or by manipulation
of abdominal viscera. Atropine administration may increase gas-
troesophageal sphincter tone, thereby helping to prevent regurgi-
tation, but may also inhibit the actions of metoclopramide that in-
crease gastric motility and emptying by sensitizing gastric
smooth muscle to acetylcholine.6,11

Liver and Kidney
Pregnancy induces minor alterations in hepatic function. Plasma
protein concentration decreases slightly, but total plasma protein
is increased because of the increase in blood volume. Bilirubin
concentration is unaltered. Serum enzyme concentrations (serum
alanine aminotransferase [SALT] and alkaline phosphatase) are
slightly increased, and sulfobromophthalein sodium retention is
increased. Plasma cholinesterase concentration decreases.
Despite these alterations, overall liver function is generally well
maintained.2

Decreased plasma cholinesterase may lead to prolonged action
of succinylcholine in pregnant patients, particularly if they have
been exposed recently to organophosphate parasiticides (e.g., an-
thelmintic, flea collars, or dips). Normal or slightly elevated
blood urea nitrogen or creatinine levels may indicate renal path-
ology or compromise in parturient patients. It would appear wise
in such patients to avoid the use of drugs with known nephrotoxic
potential, such as methoxyflurane, aminoglycoside antibiotics,
and nonsteroidal anti-inflammatory drugs.

Renal plasma flow and glomerular filtration rate are increased
by approximately 60% in pregnant patients, so blood urea nitro-
gen and creatinine concentrations are lower than in nonpregnant
patients.6 Sodium and water balance are unaffected.

Uterine Blood Flow
Maintaining stable uteroplacental circulation is important to fetal
and maternal homeostasis and neonatal survival. Uterine blood
flow is directly proportional to systemic perfusion pressure and
inversely proportional to vascular resistance created in myome-
trial blood vessels. Placental perfusion is mainly dependent on
uteroplacental perfusion pressure; however, placental vessels have
rudimentary mechanisms for changing vascular resistance.
Obstetric anesthesia may decrease uterine blood flow and thereby
contribute to reduced fetal viability. In addition, uterine vascular
resistance is indirectly increased by uterine contractions and hy-
pertonia (oxytocic response). Placental hypotension is induced by
hypovolemia, anesthetic-induced cardiovascular depression, or
sympathetic blockade producing reduced uterine perfusion pres-

sure. Uterine vasoconstriction is induced by endogenous sympa-
thetic discharge or by exogenous sympathomimetic drugs having
�1-adrenergic effects (epinephrine, norepinephrine, methoxam-
ine, phenylephrine, or metaraminol).2,12,13 Hypotension induced
by adjunctive drugs and increased uterine tone induced by ecbol-
ics should be avoided.

Summary
Parturients are at greater anesthetic risk than are healthy nonpar-
turient patients because of pregnancy-associated physiological
alterations. Cardiac reserve diminishes during pregnancy, and
high-risk patients can suffer acute cardiac decompensation or
failure. Pregnant patients are prone to hypoventilation, hypoxia,
and hypercapnia because of altered pulmonary function.
Inhalation and local anesthetic requirement is decreased, thus in-
creasing the likelihood of a relative overdose and excessive de-
pression. Finally, emesis or regurgitation and aspiration can
occur if induction is not immediately followed by rapid airway
control.

Pharmacological Alterations Induced
by Pregnancy
Pregnancy-associated alterations in physiological function affect
the uptake, distribution, and disposition of anesthetic agents and
adjuncts. The concentration of free (nonionized, unbound) drug
in maternal plasma depends on uptake from the drug administra-
tion site, protein binding, distribution to maternal tissues, placen-
tal transfer, biotransformation by maternal liver, excretion, and
fetal distribution and metabolism. The effects of pregnancy on
several anesthetic agents have been studied. The rate of barbitu-
rate biotransformation appears to be decreased in pregnancy.14

Also, succinylcholine and procaine metabolism are decreased be-
cause of decreased plasma cholinesterase concentration; how-
ever, this effect is not clinically significant in most cases.14

Increases in renal blood flow and glomerular filtration associated
with pregnancy should favor renal excretion of drugs. Inhalation
anesthetic dose (minimum alveolar anesthetic concentration) is
reduced for all agents.

The placenta is highly permeable to anesthetic drugs. The
physiochemical properties that make a molecule a good anes-
thetic drug also enable rapid transfer across the uteroplacental
interface. Anesthetic drugs administered to the mother cross 
the placenta and induce fetal effects proportionate to those
observed in the mother. Placental transfer of drugs can occur 
by several mechanisms; by far, the most important is simple
diffusion.

Diffusion across the placenta is determined by molecular
weight, the degree to which the drug is bound to maternal plasma
proteins, lipid solubility, and degree of ionization. Drugs with
low molecular weight (MW < 500 daltons), a low degree of pro-
tein binding, high lipid solubility, and poor ionization diffuse
rapidly across the placenta. Drugs with high MW (>1000 dal-
tons) that are highly protein bound, have low lipid solubility, and
are highly ionized cross the placenta slowly. Most anesthetics
and anesthetic adjuncts diffuse quickly across the placental bar-
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rier because of their low molecular weight, high lipid solubility,
low degree of ionization, and low percentage of protein binding.
The muscle relaxant drugs are an exception because they are
highly ionized and of low lipid solubility. Although they can be
recovered from fetal blood, they are generally regarded as having
minimal placental transfer and negligible fetal effect.14,15 The
placenta does not appear to metabolize anesthetics or anesthetic
adjuncts.

Physiochemical properties and physiological/pharmacokinetic
events that occur within the fetus and dam also affect placental
drug transfer.14 The degree to which a drug is ionized is deter-
mined by its pKa and pH of the patient’s body fluids. Drugs that
are weak acids will be less ionized as pH decreases.15 For exam-
ple, thiopental is a weak acid with a pKa of 7.6. In acidemic pa-
tients (pH < 7.4), a greater proportion of the administered dose is
in the nonionized form. As the ionized form of the drug de-
creases, the dose fraction that is protein bound is reduced, thus
effectively increasing the effect on a milligram basis. As a result,
it is well recognized that acidemia decreases the required anes-
thetic dose of thiopental and other barbiturates. Weakly basic
drugs such as opioids and local anesthetics are more highly ion-
ized at pH values less than their pKa.

16 Thus, their effect on the
mother and fetus is less on a milligram-dose basis.

Distribution of drug between mother and fetus is also influ-
enced by their respective blood pH. Normally, the fetal pH is 0.1
pH unit less than that of the mother. Thus, weakly basic drugs
such as opiates and local anesthetics are found in higher concen-
tration in fetal tissues and plasma than in those of the mother be-
cause of ion trapping. The lower fetal pH decreases the concen-
tration of nonionized drug, maintaining the maternal-fetal
concentration gradient and increasing nonionized drug transfer
across the placenta to the fetus.17

Fetal drug concentration is altered by fetal redistribution, me-
tabolism, and protein binding. The drug concentration in the um-
bilical vein is greater than drug exposure to the fetal organs
(brain, heart, and other vital organs). As much as 85% of umbil-
ical venous blood initially passes through the fetal liver, where
drug may be sequestered or metabolized. In addition, umbilical
venous blood containing drug enters the inferior vena cava via
the ductus venosus and mixes with drug-free blood returning
from the lower extremities and pelvic viscera (Fig. 45.1). There-
fore, the fetal circulation buffers vital fetal tissues from sudden
high drug concentrations. Binding of drug to fetal proteins may
reduce bioavailability.14,15 Fetal drug metabolism is not efficient
because the fetal microsomal enzyme system is not as active as
in later life. Drug concentration and effects in the fetus can be
considerably greater and last longer than in the mother. Fetal
drug toxicity can be enhanced by fetal or maternal metabolism to
more toxic metabolites and by drug interaction.17

The administration of a fixed dose of drugs with rapidly de-
creasing plasma concentration (e.g., thiopental, propofol, or suc-
cinylcholine) briefly exposes the fetus and placenta to a high ma-
ternal blood drug concentration. This is in contrast to the
sustained maternal blood levels of drugs administered by contin-
uous infusion or inhalation, which result in continuous placental
transfer of drug to the fetus.14,17

Anesthetic Drugs and Cesarean
Section
Anesthetic drugs should be carefully chosen and properly admin-
istered to avoid excessive maternal depression and to maximize
neonatal vigor and viability. As noted above in the pharmacology
section, the specific characteristics that make a drug an excellent
anesthetic agent are also those that facilitate transplacental trans-
fer and neonatal depression in short order. Therefore, it is prudent
to consider that no agent should be used unless distinctly indi-
cated. A brief overview of anesthetic drug classes in periparturi-
ent anesthesia follows.

Anticholinergic Agents
Anticholinergic drugs, such as atropine or glycopyrrolate, should
be administered to most parturient patients to decrease salivation
and inhibit excessive vagal tone that may occur when traction is
applied to the uterus.18,19 Many parturients have recently eaten,
increasing the likelihood of regurgitation, which is enhanced by
hypoxia or hypotension. The influence of anticholinergics upon
emesis is controversial.6,19 In women, atropine has not been
shown to decrease the incidence of emesis at parturition.19
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Fig. 45.1. The direction of blood flow in the fetal vascular system is
indicated by arrows. The darkened vascular segments represent the
umbilical blood and its path of flow into the liver and inferior vena
cava via the ductus venosus. Blood flow through the foramen ovale
and ductus arteriosus provides a direct path to the arterial system,
bypassing the lungs. In neonates, the ductus arteriosus and foramen
ovale closes shortly after birth. This functional closure results in blood
flowing through the neonate’s lungs, where it is arterialized as in the
adult. The time required for anatomical closure of the foramen ovale
in the foal may be as much as 12 months. Two months may be re-
quired for permanent closure of the foramen ovale.
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Glycopyrrolate increases gastric pH, thus decreasing severity of
Mendelson’s syndrome should regurgitation and aspiration of
vomitus occur.20 Additionally, because glycopyrrolate does not
readily cross the placenta, it does not affect the fetus to the same
extent as atropine. Therefore, it may be a more appropriate anti-
cholinergic for use in these patients.

Tranquilizers and Sedatives
Because of their long duration of action, there are no indications
for the routine use of these agents in parturient patients.6,16,17

They should be restricted to markedly apprehensive or excited
parturients and only in doses sufficient to induce a calming ef-
fect. Acepromazine can induce significant maternal and fetal de-
pression even at relatively low doses. Diazepam and midazolam
can induce neonatal depression characterized by absence of vo-
calization and by lethargy, hypotonus, apnea, and hypothermia
immediately following birth.21–23 It has been suggested that
these effects are dose related and can be minimized by adminis-
tering low doses (<0.14 mg/kg intravenously [IV]) although no
safe dose has been established in domestic animals.23 Residual
benzodiazepine-induced lethargy and muscle relaxation in either
the mother or neonate can be antagonized with flumazenil, a spe-
cific benzodiazepine antagonist administered to effect.24

Xylazine rapidly crosses the placenta and induces both mater-
nal and fetal respiratory and circulatory depression. When used
in conjunction with ketamine, significant and potentially life-
threatening cardiopulmonary changes result in decreased tissue
perfusion in healthy dogs.25 The use of xylazine or xylazine-
ketamine combinations probably should be avoided in small ani-
mal patients presented for cesarean section. On the other hand,
xylazine-ketamine combinations have often been used in mares
suffering from dystocia. Little information is available regarding
use of detomidine or medetomidine in companion animal ce-
sarean section anesthesia. Their structural and pharmacological
similarities to xylazine suggest that similar precautions be ob-
served with their use.

Opioids
These rapidly cross the placenta and can cause neonatal respira-
tory and neurobehavioral depression.17,26,27 In addition, fetal
elimination may require 2 to 6 days. It appears equianalgesic
doses of opioids induce equal degrees of depression. Therefore,
the choice of an opioid is based on the duration of desired action.
The most commonly used opioids are fentanyl, meperidine, oxy-
morphone, and hydromorphone, in order of increasing duration
of action.17 Recently, agents having opiate agonist and antagonist
activity have been used for obstetric analgesia. These agents in-
clude butorphanol and buprenorphine. They reportedly induce
less respiratory depression than do pure opiate agonists. Butor-
phanol provides fairly predictable mild to moderate levels of se-
dation in some species in addition to its analgesic qualities.

One of the advantages of opioid agonists is that direct antago-
nists are available to reverse their action. Of the antagonist
agents, naloxone (0.04 mg/kg IV) appears to be the most effec-
tive. It is a pure antagonist without agonist action. Nalorphine
and levallorphan, two other antagonist agents, have opiate activ-

ity of their own and can increase respiratory depression induced
by other nonopiate agents (e.g., barbiturates, phenothiazines, and
inhalation agents). Because all opioid antagonists rapidly cross
the placenta, maternal administration before delivery has been
advocated to reverse opioid-induced neonatal depression. This
technique deprives the mother of analgesia at the time when it is
needed most. Therefore, these agents should be administered di-
rectly to neonates. Finally, because the action of naloxone is
shorter than that of most opioid agonists, renarcotization may
occur when naloxone is metabolized and excreted. Thus, both
mother and neonates should be carefully monitored for recurring
signs of narcosis after opioid reversal with naloxone.17 Should
this occur, additional naloxone can be given.

Sedative-Hypnotics
Thiopental given IV produces rapid induction of basal narcosis
for intubation and inhalation anesthesia. The pharmacological ef-
fects of thiopental on cardiovascular and respiratory function in-
clude increased heart rate, decreased arterial pressure, and
changes in peripheral vascular resistance. Cerebral blood flow,
oxygen consumption, perfusion pressure, and intracranial pres-
sure decrease with thiopental administration. Apnea is common
on induction. Recovery from thiopental is generally rapid be-
cause of redistribution and metabolism. Metabolism occurs pri-
marily in the liver. Although thiopental rapidly crosses the pla-
centa, it is also rapidly cleared from the neonatal circulation.
Fetal metabolism may contribute to its rapid clearance in utero.
Barbiturates can cause neonatal respiratory depression, sleepi-
ness, and decreased activity. Suckling activity is decreased and
has been reported to be depressed for 4 days in neonates.17 These
effects are reduced when thiopental is administered in lower
doses (<4 mg/kg).17

The administration of propofol IV produces rapid induction of
basal narcosis for intubation and inhalation anesthesia. The phar-
macological effects of propofol on cardiovascular and respiratory
function are nearly identical to, but slightly greater than, those of
thiopental: Arterial pressure and vascular resistance decrease.
Cerebral blood flow, oxygen consumption, perfusion pressure,
and intracranial pressure decrease as with thiopental. Apnea is
common on induction. Recovery from propofol is prompt and
smooth owing to rapid redistribution and metabolism. Metabo-
lism occurs primarily in the liver, but extrahepatic metabolism
also occurs. Because of its extensive distribution and rapid me-
tabolism, recovery is very rapid in some species. Although
propofol rapidly crosses the placenta, it is rapidly cleared from
the neonatal circulation.

Several recent studies have compared the use of propofol in
companion animal cesarean section anesthesia with more tradi-
tional general anesthesia techniques. In dogs, propofol followed
by isoflurane anesthesia resulted in newborn survival rates com-
parable to epidural anesthesia and superior to general anesthesia
induced with thiopental.28 Cohort retrospective studies by Moon
and coworkers22,23 indicated that administration of propofol IV
followed by isoflurane increased puppy vigor, vocalization, and
survival following surgery. Their findings were similar to those
in the previously reported study by Funkquist et al.28 Constant-
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rate infusion of propofol as a sole anesthetic agent in pregnant
ewes demonstrated maternal hemodynamics superior to those of
isoflurane anesthesia.29 The uterine blood-flow profile was simi-
lar in both techniques. Propofol-sevoflurane anesthesia in preg-
nant goats demonstrated that fetal physiology was maintained
following propofol administration, but hemodynamic indices de-
creased after exposure to sevoflurane.30 These studies support the
inclusion of propofol in a balanced general anesthesia protocol
for cesarean section. In dogs and cats, the induction dose of
propofol is 4 to 8 mg/kg IV. Supplemental doses are 0.5 to 2.0
mg/kg IV. Longer-term constant-rate infusions of propofol to
maintain anesthesia may result in some fetal depression, how-
ever. The induction dose in sheep and goats is 3 to 5 mg/kg IV.

Etomidate is a short-acting nonbarbiturate hypnotic. In
dosages suitable for anesthetic induction, etomidate induces
rapid anesthesia with no significant cardiovascular effects in
dogs.31,32 Cerebral blood flow, oxygen consumption, perfusion
pressure, and intracranial pressure decrease as with thiopental.
Apnea is common on induction. Etomidate is rapidly redistrib-
uted and metabolized by hepatic microsomal enzymes and by
plasma esterases. Fetal tissue perfusion is well maintained, as
shown by more rapid initiation of neonatal spontaneous breath-
ing and greater fetal vitality at delivery than with thiopental.33

The induction dose of etomidate in non-premedicated dogs and
cats is 1.0 to 3.0 mg/kg IV.34 Based on its rapid elimination pro-
file in cats, etomidate may be suitable for repeated administration
IV in low doses in this species.35 However, repeated administra-
tion of etomidate may also cause acute hemolysis, as has been re-
ported in dogs.36 Etomidate frequently causes pain on IV injec-
tion in non-premedicated patients. In addition, myoclonus or
involuntary movements can occur upon injection, but can be pre-
vented by premedication with benzodiazepines and/or opioids.

Saffan is a combination of two progesterone-like steroids (al-
phaxalone, 9 mg/mL, and alphadolone, 3 mg/mL). This agent can
be administered intravenously or intramuscularly to cats.
Anesthetic induction is smooth and rapid. Cardiovascular depres-
sion is proportionate to dose and similar to that of equivalent
doses of thiopental or methohexital. Saffan induces less respira-
tory depression than barbiturates and is compatible with the com-
monly used preanesthetics, muscle relaxants, and inhalation anes-
thetics.37 It has been shown to cross the placenta. Its use in dogs
is not recommended because the solubilizing agent (cremaphore)
causes severe histamine release. However, it has been used to in-
duce anesthesia in dogs pretreated with antihistamines.38

Alphaxan-CD has recently been introduced in Australia as a
short-acting anesthetic for use in dogs and cats. In this formula-
tion, alphaxalone is solubilized in a cyclodextran carrier void of
histamine-releasing properties. It has proved to be an effective
short-acting anesthetic with minimal cardiopulmonary depression
and few adverse effects. Because of these properties, its use for
anesthesia in cesarean section surgery appears promising.

Dissociatives
Ketamine has been used in general anesthesia for cesarean sec-
tion. In women, doses of less than 1 mg/kg induced minimal
neonatal depression.19,24 Alternatively, thiopental (2 to 3 mg/kg)

and ketamine (0.5 mg/kg) have been coadministered to induce
anesthesia in parturient women. A more recent publication indi-
cates that low doses of ketamine (3 to 5 mg/kg IV in dogs, 2 to 4
mg/kg IV in cats, and 2 mg/kg IV in horses) may be used for
anesthetic induction.39 Because effective induction doses for
these agents are higher in companion animals than humans,
neonatal depression is more likely to be associated with their use.
A retrospective cohort study in dogs indicated that ketamine use
leads to increased puppy risk associated with respiratory depres-
sion, apnea, decreased vocalization, and increased mortality at
birth.22,23 For these reasons, ketamine should be used cautiously
in this species. No data for comparative fetal viability are avail-
able in other species.

Little information is available regarding the use of tiletamine-
zolazepam in cesarean section. Based on pharmacological pro-
file, characteristics of this proprietary drug mixture are qualita-
tively similar to other dissociative-benzodiazepine tranquilizer
mixtures. In vivo characteristics of these agents suggest that cau-
tion be used in companion animal cesarean section anesthesia,
because of their rapid and extensive transplacental transfer and
absence of specific antagonist agents.

Neuroleptanalgesia
The combination of opioid and tranquilizer class drugs can in-
duce anesthetic effectively in depressed, exhausted parturients.
As noted above, both opioids and tranquilizers extensively cross
the uteroplacental interface and may cause significant fetal de-
pression. These agents are usually used as an anesthetic supple-
ment following fetal removal, although they have been success-
fully used for induction and maintenance prior to fetal extraction.
If fetal depression is noted after administration of these agents,
oral sublingual administration of naloxone (1 to 2 drops) rapidly
reverses opioid effects in neonates. Continuous monitoring for
neonatal renarcotization is warranted.39

Inhalation Agents
Inhalation anesthetics may be used to induce anesthesia in calm
or depressed dams. These agents readily cross the placenta with
rapid fetal and maternal equilibration. Thus, the degree of neona-
tal depression is proportional to the depth of anesthesia induced in
the mother. Deep levels of maternal anesthesia cause maternal hy-
potension, decreased uterine blood flow, and fetal acidosis.
Isoflurane, sevoflurane, or desflurane are preferred because in-
duction and recovery of mother and neonate are more rapid.
Nitrous oxide can be used to potentiate their effect, thus decreas-
ing the total amount of volatile agent administered. If nitrous
oxide is administered at 60% or less, fetal depression is minimal
and neonatal diffusion hypoxia does not occur upon delivery.17–19

Skeletal Muscle Relaxants
These cross the placenta to a very limited degree and have little
effect on neonates when used in reasonable clinical doses; thus,
these drugs are very useful in balanced anesthesia techniques for
cesarean section to facilitate rapid airway management and pro-
vide surgical site relaxation.15,18,19 Because of its rapid onset of
action and relatively brief duration, succinylcholine is a tradi-
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tional choice when combined with an ultra–short-acting barbitu-
rate or propofol for induction of anesthesia and airway control.
Mivacurium has also been used because of its rapid onset of ef-
fect and relatively brief (15 to 20 min) duration of action.
Atracurium and vecuronium provide an intermediate (20 to 35
min) duration of action.39 Their characteristics make them attrac-
tive alternatives in longer procedures. The use of long-acting
muscle relaxants, such as pancuronium (45 min), is generally
avoided because of their length of action when compared with
procedure time.17

Guaifenesin has been used to relax skeletal muscle in horses,
cattle, and small ruminants. Although limited in reports, clinical
impressions indicate that transplacental transfer is minimal based
on vigor of the newborn after delivery.

Local Anesthetics
These are frequently used in combination with other agents or as
the sole anesthetic agent for regional techniques. Esters of
paraaminobenzoic acid (procaine or tetracaine) are metabolized
by maternal and fetal pseudocholinesterase. Thus, there is little
accumulation of these agents in the fetus. Amide derivatives
(e.g., lidocaine, mepivacaine, bupivacaine, etidocaine, and ropi-
vacaine) are metabolized by hepatic microsomal enzymes. After
absorption from the injection site, blood levels decrease slowly
but can reach significance in the fetus. Neonatal blood concentra-
tions in excess of 3 µg/mL of lidocaine or mepivacaine can cause
neonatal depression at delivery. These concentrations rarely
occur after epidural administration but can occur with excessive
volumes of drug used for local infiltration.17

Sympathetic blockade resulting in maternal hypotension and
decreased uteroplacental perfusion may occur after epidural in-
jection. This can be controlled by judicious administration of IV
fluids to offset increased capacity of the vascular tree.17 In addi-
tion to IV fluids, vasopressors can be used to treat maternal hy-
potension caused by sympathetic blockade. Because ephedrine
acts centrally and has minimal arterial vasoconstrictor properties
while increasing venous tone and thereby preload, it can be used
to treat maternal hypotension, thus restoring uterine blood flow.
Mephentermine acts in a similar manner. Other agents with �-
adrenergic activity increase maternal blood pressure by increas-
ing systemic vascular resistance. This may cause uterine blood
flow to decrease, and fetal deterioration often occurs. In addition,
these agents can stimulate hypertonic uterine contractions, fur-
ther decreasing uteroplacental perfusion.17,19

Anesthetic Techniques for Cesarean
Section
General Anesthesia
Cesarean section anesthesia can be accomplished either by re-
gional or general anesthesia. Advantages of general anesthesia
include speed and ease of induction, reliability, reproducibility,
and control. General anesthesia provides optimum operating con-
ditions with relaxed immobile patients. Tracheal intubation en-
sures control of the maternal airway, thereby preventing aspira-
tion of vomitus or regurgitated rumen contents. In addition, it

provides a route for maternal oxygen administration, thereby
improving fetal oxygenation. When general anesthesia is admin-
istered properly, maternal cardiopulmonary function is well
maintained.19,39

General anesthesia may be more appropriate than regional
anesthesia in selected clinical situations. These include maternal
hypovolemia, prolonged dystocia in which the mother is ex-
hausted and the fetus is severely stressed, maternal cardiac disease
or failure, morbid obesity, cases in which the mother is so aggres-
sive or fractious as to preclude regional anesthesia, and brachy-
cephalic dogs with upper airway obstruction. Finally, most veteri-
narians are more confident of their ability to induce general
anesthesia safely than to use regional anesthesia techniques.

General anesthesia does have certain disadvantages. It will
likely produce greater neonatal depression than will regional
anesthesia. Inadequate anesthetic plane causes maternal cate-
cholamine release, which may result in hypertension and de-
creased uteroplacental perfusion, leading to both maternal and
fetal stress and deterioration of cardiopulmonary function.12,13,26

Loss of airway protective reflexes following anesthetic induction
may produce aspiration and airway management challenges
when the trachea is not properly intubated. Aspiration and inabil-
ity to intubate the trachea successfully are the leading causes of
maternal mortality associated with cesarean section in
women.19,39 Fortunately, dogs, cats, and horses are relatively
easy to intubate because of their anatomical features. However,
ruminants and swine are relatively difficult to intubate, and this
presents problems for most veterinarians in rural practice.

Dystocia in mares is an emergency in which duration has a
profound effect on the survival of foals.40 Foals are normally de-
livered within 20 to 30 min after chorioallantoic membrane rup-
ture. Few foals survive when the duration is increased to 40 min,
and none are likely to survive when the duration is 90 min or
longer.41,42 In a recent article, the time from chorioallantoic rup-
ture to delivery was significantly different in surviving foals
(71.7 ± 34.3 min) when compared with nonsurviving foals (85.3
± 37.4 min).40 This makes dystocia in mares more of an emer-
gency than it is for most species, where as little as 15 min can
mean the difference between a live and dead foal. Importantly,
the method of resolving a dystocia has an impact on the time
from chorioallantoic rupture to birth. Four procedures can be at-
tempted: assisted vaginal delivery (AVD), in which the mare is
awake and manually assisted to some degree; controlled vaginal
delivery (CVD), where the mare is anesthetized and the clinician
is in control of delivering an intact foal; fetotomy, where the dead
fetus is reduced to more than one part and removed vaginally in
the awake or anesthetized mare; and cesarean section, where the
fetus is removed through a uterine incision by celiotomy.43 It has
been suggested that CVD, followed rapidly by cesarean section
if initial attempts are unsuccessful, is the best choice for dystocia
resolution.40

Physical examination, anesthetic induction, and delivery
should be accomplished in the shortest period possible when
there is the chance of delivering a live foal.40 Time-consuming
methods of anesthetic induction in mares should be abandoned in
favor of methods that provide reliable sedation and smooth con-
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trolled induction with favorable recoveries. Sedation can be
achieved rapidly with xylazine (0.8 mg/kg IV) followed by in-
duction with ketamine (2.2 mg/kg IV) and diazepam (Valium,
0.08 mg/kg IV). Anesthesia is then maintained with isoflurane or
halothane in 100% oxygen.40 While CVD is attempted, the ven-
tral abdomen is clipped and prepped so that, if needed, cesarean
section may be accomplished rapidly. In one report this approach
to dystocia resulted in 94% of the CVD mares and 89% of the ce-
sarean section mares surviving to discharge with a 42% delivery
of live foals. Nearly 30% of foals survived to discharge.40 In
these scenarios, specific choice of anesthetic agent is probably
less important than the time to induction and delivery of the foal.

Much of the previously published recommendations for anes-
thesia of term mares has been extrapolated from work done in
other species and may not be relevant. Goals for delivering anes-
thesia are no different than for other species, but with a greater
emphasis placed on rapid completion of the procedure. Laboring
mares are typically agitated and distressed prior to anesthetic in-
duction, and good sedation is therefore important to ensure a
smooth and safe induction. Xylazine and detomidine will provide
sufficient sedation and can be reversed in neonates after delivery.
Detomidine may cause less increase in uterine tone than xylazine
and has been suggested by some as the sedative of choice in
mares.44 When butorphanol is combined with xylazine or deto-
midine, reliable restraint and analgesia occur. The dose of xy-
lazine or detomidine can be lowered when combined with butor-
phanol, minimizing potential side effects of the �2-agonists.

There is little work regarding use of tiletamine-zolazepam in
mares presenting for dystocia, but based on pharmacological pro-
file, it should be similar to other dissociative-benzodiazepine tran-
quilizer anesthetic combinations. It has been suggested that be-
cause of the potential for ion trapping, the use of benzodiazepines
should be avoided in mares presenting for cesarean section,45 but
there is no evidence to support that this occurs excessively in
foals. Ketamine is rapidly cleared from maternal and fetal circu-
lation, causes minimal cardiovascular depression, and provides
for a smooth induction, making it suitable for induction in preg-
nant mares. Thiopental is also rapidly cleared from fetal circula-
tion and would be acceptable for inducing anesthesia, though in-
duction may be rough when used alone. Recent work done in
pony mares has found that maintenance of anesthesia with propo-
fol or a combination of guaifenesin, ketamine, and detomidine
(GKD) preserved cardiovascular function in both the mare and
fetus.46,47 This suggests that GKD could be suitable for anesthetic
induction of term mares. Guaifenesin is a centrally acting muscle
relaxant that crosses in minimal amounts to the fetal circulation.
In the field where equipment is not readily available for deliver-
ing inhalation anesthesia, a mixture of guaifenesin-ketamine-
xylazine has been infused to effect for up to 1 h to maintain an ad-
equate level of central nervous system depression.48

Studies have been done comparing the effects of isoflurane
and halothane in pregnant mares, and no marked differences be-
tween the two have been demonstrated.49 Less soluble agents
(such as isoflurane and sevoflurane) would have the advantage of
being more rapidly cleared from foals after delivery as compared
with the more soluble agent halothane.45

Monitoring and support of an anesthetized pregnant mare are
no different than for any anesthetized horse. Care should be taken
to avoid maternal hypoxia in order to maintain fetal oxygenation
until delivery. Mechanical ventilation should be considered to
help offset the ventilation-perfusion mismatching that occurs.
When using positive-pressure ventilation (PPV) to improve oxy-
genation of mares, arterial blood gases should be assessed shortly
after initiating PPV to ensure that the desired increase in PaO2 is
actually occurring. PPV in a mare with severe abdominal disten-
sion has the potential to drastically decrease cardiac output to all
tissues, including maternal circulation to the foal. Arterial blood
pressure should be monitored directly and ideally kept above 70
mm Hg by adjusting anesthetic depth and rate of fluid delivery,
and by administering inotropes and vasopressors, as needed.

Mares recovering from dystocia or cesarean section may have
a difficult time regaining the strength needed to stand. Special
attention should be given to the condition of the recovery stall,
and the floor should be cleaned of all obstetric lubricant and
dried. Mares should be placed on a well-padded surface in the
recovery stall and may be rope assisted during recovery when
necessary.

A spectrum of techniques for induction of general anesthesia
for cesarean section in dogs and cats have been reported to be sat-
isfactory (Table 45.2).50 All reported techniques have common
strategies for successful patient management which include the
following points. Induction of anesthesia must be smooth and
rapid. Excitement and struggling associated with excessive re-
straint and poor technique must be avoided. Intubation should be
accomplished quickly and ventilation supported to ensure ade-
quate oxygenation.

Maternal oxygen administration can significantly increase
fetal oxygen content. Administration of oxygen to the mother 
is not associated with a significant decrease in uterine blood flow
or fetal acidosis.17 Fetal red blood cells have a lower 2,3-
diphosphoglycerate concentration than do adult red blood cells.
Thus, fetal hemoglobin can carry more oxygen at low oxygen
tensions than can adult hemoglobin. Physiologically, this is im-
portant because it ensures a higher level of hemoglobin satura-
tion at the normally low oxygen partial pressures (PO2 of umbil-
ical vein, 30 mm Hg) to which the fetus is exposed.20,51 Inspired
oxygen concentrations of 50% or more during general anesthesia
result in more vigorous neonates because of improved oxygena-
tion.17 Therefore, oxygen administration is indicated regardless
of the anesthetic protocol.

Tidal and minute ventilation must be critically evaluated dur-
ing the anesthetic period to avoid either hypoventilation or hyper-
ventilation. The total effect of carbon dioxide on the fetus is not
clear, but passive hyperventilation of the dam causes hypocapnia
with decreased uterine artery blood flow. This decreased placen-
tal perfusion causes fetal hypoxia, hypercapnia, and acidosis.
With adequate arterial oxygenation, a modest increase in PaCO2
is well tolerated by the fetus.17 Adequacy of ventilation and oxy-
genation may be assessed by observing rate of respiration, excur-
sion of the chest wall and/or reservoir bag, and color of mucous
membranes; by implementation of pulse oximetry; and by deter-
mination of PaCO2 and PaO2.
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Table 45.2. Selected anesthesia techniques for elective and emergency cesarean section anesthesia in common domestic species.

Drug or Technique

Species Elective Cesarean Section Emergency Cesarean Section Comments

Dog 1. Lumbosacral epidural 1. Lumbosacral epidural 1. May require assistant to restrain 
2. Anticholinergic 2. Sevoflurane or isoflurane mask epidural patients

Propofol, 4–8 mg/kg induction 2. Give oxygen to all patients as soon 
Isoflurane or sevoflurane 3. Anticholinergic as possible
Post–removal pain meds Fentanyl, 3 µg/kg 3. Monitor heart rate and redo anti-

3. Anticholinergic Propofol, 4–8 mg/kg cholinergic if needed
Fentanyl, 3 µg/kg Isoflurane or sevoflurane 4. Minimal inhalant agent dose until all 
Propofol, 4–8 mg/kg 4. Anticholinergic fetuses are removed
Isoflurane or sevoflurane Fentanyl, 3 µg/kg 5. May need to reverse fentanyl with 

Propofol, 4–8 mg/kg sublingual naloxone if fetus is 
Line block depressed
Atracurium, 0.2 mg/kg

Cat 1. Propofol, 4–8 mg/kg 1. Ketamine, 3 mg/kg 1. May require assistant to restrain 
Laryngeal anesthesia Fentanyl, 3–5 µg/kg epidural patients
Sevoflurane or isoflurane Lumbosacral epidural 2. Give oxygen to all patients as soon
Additional analgesia following 2. Ketamine, 3 mg/kg as possible

fetal removal Fentanyl, 3–5 µg/kg 3. Minimal inhalant agent dose until all 
2. Fentanyl, 3–5 µg/kg Propofol, 2–4 mg/kg fetuses are removed

Propofol, 4 mg/kg Sevoflurane or isoflurane 4. May need to reverse fentanyl with
Laryngeal anesthesia Additional analgesia following sublingual naloxone if fetus is 
Sevoflurane or isoflurane fetal removal depressed
Additional analgesia following 

fetal removal

Horse 1. GGE to effect 1. GGE to effect 1. Standing restraint not performed 
Ketamine, 2 mg/kg Ketamine, 2 mg/kg in horses for cesarean section 
Isoflurane or sevoflurane Isoflurane or sevoflurane anesthesia
Caudal epidural for pain Caudal epidural for pain management 2. Postoperative pain management 

management similar to that for colic patients
2. GGE to effect

Thiopental, 4–6 mg/kg
Isoflurane or sevoflurane
Caudal epidural for pain management

Cattle 1. Xylazine, 10 mg 1. Xylazine, 10 mg 1. Avoid recumbency with regional 
Paravertebral block Paravertebral block techniques

2. Xylazine, 10 mg 2. Xylazine, 10 mg 2. Can reverse xylazine in newborns if 
Inverted “L” block Inverted “L” block depression is noted

3. Incisional line block 3. Incisional line block 3. Supplemental analgesia in postoper-
4. Xylazine, 10 mg 4. Xylazine, 10 mg ative period as warranted

GGE to recumbency GGE to recumbency 4. Caudal epidural to reduce post-
Isoflurane or sevoflurane Isoflurane/sevoflurane parturient “straining”

following intubation following intubation

Sheep/Goat 1. Lumbosacral epidural 1. Lumbosacral epidural 1. Sheep have a high pain sensitivity
Sedation Sedation 2. Variable and inconsistent response 

2. Incisional line block 2. Incisional line block to opioids for pain management
Sedation Sedation 3. �2 Agents are frequently selected 

3. Propofol, 4–6 mg/kg 3. Propofol, 4–6 mg/kg for supplemental analgesia
Isoflurane or sevoflurane Isoflurane or sevoflurane

(continued)



Regional Anesthesia
This is a well-established technique for cesarean section.16 There
is an increased sensitivity and distribution to local anesthetic
agents during gestation and parturition. As a result, the dose of
local anesthetic for epidural or spinal anesthesia can be reduced
by approximately one-third in pregnant patients as compared
with nonparturients. Regional anesthesia (epidural or subarach-
noid) has the advantages of technique simplicity, minimal expo-
sure of the fetus to drugs, less intraoperative bleeding and, be-
cause the mother remains awake, minimal risk of aspiration.52 In
addition, muscle relaxation and analgesia are optimal. Caudal
spinal anatomy in the lumbosacral region varies by species. The
spinal cord terminates at the level of the sixth lumbar vertebra in
dogs, reducing the risk of subarachnoid (true spinal) injection of
the anesthetic agent. The spinal cord terminates variably between
L7 and midsacrum in cats, making subarachnoid injection a
greater possibility.53 In swine and ruminants, the spinal cord ter-
minates at the midsacrum, making subarachnoid injection a pos-
sibility at the lumbosacral junction.

Epidural anesthesia has been successfully used in dogs and
cats for cesarean section anesthesia. Traditionally, a short-acting
local anesthetic (2% lidocaine) is administered at a dose of 1 mL
per 3.25 to 4.5 kg of body weight in the epidural space to provide
surgical site anesthesia. In recent years, epidurally administered
drugs, including lidocaine and bupivacaine in a 1:1 volumetric
mixture, have provided extended duration of surgical anesthesia
and pain management in the early recovery period. This may be
supplemented with epidural opioids and �2-adrenergic agonists
to extend the postoperative analgesic period.

Spinal techniques work well in sows, sheep, and goats. The
technique is well established and not difficult. When using this
technique, it is sometimes necessary to restrain a sow’s head and
forelimbs. If pigs are sedated and restrained in lateral recum-
bency with the head extended, the soft palate may occlude the
airway and the patient may suffocate. This has been observed in

sows and gilts undergoing cesarean section with spinal anesthe-
sia without additional sedatives or tranquilizers. Because ce-
sarean section in swine is often viewed as a last-ditch effort by
producers, it is often delayed until the sow’s condition has dete-
riorated severely. Thus, a high percentage of sows presented for
cesarean section are hypovolemic and hypotensive. Fluids can be
readily administered to sows via indwelling catheters placed into
the ear veins prior to anesthetic administration. This will restore
circulating volume and offset hypotension induced by spinal
techniques.

Spinal anesthesia often induces recumbency, which may not
be desirable in large ruminants. If the veterinarian prefers, stand-
ing cesarean section in cattle may be performed using either a
proximal or distal paralumbar block. In cows that are in poor
condition, exhausted, or in shock, the distal technique is pre-
ferred because it does not induce a scoliosis-like position and the
cow is more likely to remain standing throughout the procedure.

Disadvantages of epidural or subarachnoid anesthesia include
hypotension secondary to sympathetic blockade. Hypotension
induced by epidural anesthesia can be managed with IV fluid and
catecholamine administration. Lactated Ringer’s solution or
0.9% or 0.45% sodium chloride mixed with equal volumes of 5%
dextrose solution can be administered at approximately 20
mL/kg over 15 to 20 min to maintain arterial blood pressure.
When hypotension is severe, ephedrine may be administered
(0.15 mg/kg IV). Hypotension and visceral manipulation during
the procedure can cause nausea and vomiting.54 Because the dam
remains conscious, the forelimbs and head often move. This pre-
cludes the use of a spinal technique in highly excited or fractious
patients and in mares, because they become hysterical when they
are unable to stand.

Local Anesthesia
Local infiltration or field block may be used, but these techniques
have several disadvantages when compared with regional tech-
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Table 45.2. Selected anesthesia techniques for elective and emergency cesarean section anesthesia in common domestic species (continued).

Drug or Technique

Species Elective Cesarean Section Emergency Cesarean Section Comments

Pig 1. Lumbosacral epidural 1. Lumbosacral epidural 1. Will need sedation in addition to 
Sedation Sedation regional analgesia in elective 

2. Incisional line block 2. Incisional line block section
Sedation Sedation 2. Good response to opioid analgesic 

3. Propofol, 4–6 mg/kg 3. Propofol, 4–6 mg/kg agents following fetal removal
Isoflurane or sevoflurane Isoflurane or sevoflurane 3. NSAIDs are frequently used for pain 

management

Llama 1. GGE to effect 1. GGE to effect 1. Limited reports in literature
2. Propofol, 2–4 mg/kg 2. Isoflurane or sevoflurane 2. Pain management following fetal 
3. Isoflurane or sevoflurane removal as per other procedures

GGE, guaifenesin glycerate ester; NSAIDs, nonsteroidal anti-inflammatory drugs.



niques. Infiltration requires larger amounts of anesthetic agent,
which are absorbed and can create fetal depression. In addition,
muscle relaxation and analgesia are not as profound or as uni-
form when compared with regional anesthesia. In many cases,
field block is supplemented with heavy sedation or tranquiliza-
tion to calm and stabilize a dam; these agents further contribute
to maternal and fetal depression. For these reasons, field block is
often abandoned for either general or epidural anesthesia.

Care of Newborns
Following delivery, the newborn’s head is cleared of membranes
and the oropharynx of fluid. The umbilical vessels should be
milked toward the fetus to empty them of blood, clamped ap-
proximately 2 to 5 cm from the body wall, and severed from the
placenta. Neonates can then be gently rubbed with a towel to dry
them and stimulate breathing. It may also be helpful to swing
neonates gently in a head-down position to help clear the respi-
ratory tree of fluid. Vigorous motion should be avoided because
amniotic fluid is readily absorbed in the lungs and contributes to
distribution of pulmonary surfactant in the alveoli. The head and
neck should be supported to avoid whiplash and prevent injury.

Flow-by oxygen administration in the vicinity of the muzzle is
helpful to increase heart rate and oxygen delivery to tissues in
distressed, exhausted neonates. Reversal of opioids by sublingual
administration of 1 to 2 drops naloxone is warranted in cases
where opioids were administered as part of the general anesthe-
sia technique. An oral dose of 2.5% dextrose (0.1 to 0.5 mL) is
helpful to improve energy substrates required for initial breathing
effort in stressed neonates. Finally, maintaining warmth is vital
because hypothermia can occur rapidly after birth.

A small IV catheter may be used to intubate and support oxy-
gen delivery in neonates that will not initiate breathing, and their
breathing can be artificially supported by using a syringe and
three-way valve attached to an oxygen source. As a final meas-
ure, doxapram can be used to stimulate breathing in neonates. In
pups, a dosage of 1 to 5 mg (approximately 1 to 5 drops from a
20- to 22-gauge needle) is topically administered to the oral mu-
cosa or injected intramuscularly or subcutaneously. In kittens,
the dosage is 1 to 2 mg (1 to 2 drops).50 Airways must be clear
before doxapram administration. External thoracic compressions
may be warranted if heart rate is slow and does not respond to
support measures. A rapid physical examination checking for ge-
netic defects (cleft palate, chest deformity, or abdominal wall fu-
sion) is also important to determine whether viability is present.

When general anesthesia is used in ruminants or horses, an al-
ternate method of managing neonates may be used to good ad-
vantage. After uterine incision, the fetal head is delivered through
the incision, the oropharynx is cleared of fluid, and the trachea is
intubated with a cuffed tube. The fetus can then be delivered and
the umbilicus severed. Because the uteroplacental and umbilical
circulation is preserved until the airway is secured, hypoxia is
prevented. Once the fetus is delivered, ventilation can be sup-
ported, if necessary, via a bag valve mask resuscitator.

After completion of surgery and recovery from anesthesia, the
young can be introduced to their mother. If introduction is de-

layed, the neonates should be exposed briefly to the mother to
provide colostrum and then kept in a warm environment until
anesthesia recovery is complete to avoid accidental crushing. If
regional anesthesia was used, they can be placed with their
mother as soon as the surgery is complete.

Perioperative Pain Management
This represents a challenge in cesarean section patients because
of concerns regarding transfer of anesthetic and analgesic drugs
into milk and its impact on neonates. This area has been exten-
sively studied in people and in food-producing species. Most of
the current information is from humans and cattle; however, be-
cause of the similarity of the lactation process in all mammals,
the information may be extrapolated to other species.

The phenothiazine tranquilizer chlorpromazine does not ap-
pear to transfer to milk at levels that cause fetal depression.55 No
corollary evidence is available for acepromazine, but similarity
in molecular structure coupled with clinical experience supports
a similar effect on newborns. The benzodiazepine class tranquil-
izer diazepam significantly crosses into milk and may cause
lethargy, sedation, and weight loss in newborns.56 Other class
members, including clonazepam and alprazolam, induce drowsi-
ness, hypotonia, and apnea in newborns after nursing episodes.
The effect of lorazepam and midazolam are unknown; however,
based on the effects attributed to other class members, they
should be used with caution in lactating mothers. Xylazine tran-
siently increases in milk and then decreases to nondetectable lev-
els by 12 h after administration.57 Detomidine (80 µg/kg) can be
detected at a low level in milk after administration but is nonde-
tectable by 23 h later.58

Codeine, propoxyphene, and morphine are well tolerated by
newborns when used in maternal pain management, even when
repeat doses are administered over several days.59 Meperidine
(pethidine) has been reported to cause decreased suckling behav-
ior and sedation when used in serial doses.59,60 Fentanyl (100 µg)
and sufentanil (10 to 50 µg) are not detectable in breast milk after
epidural administration in humans.61

Thiopental has been detected in colostrum and breast milk
after a single bolus induction dose (5 mg/kg) in women.62 Long-
acting barbiturates such as phenobarbital are contraindicated be-
cause of their extensive presence in milk.55 Propofol is detectable
in colostrum and milk after a single-dose administration.63

However, little clinical effect is noted based on excellent new-
born vitality immediately after delivery.22,23 The residual pres-
ence of inhalation anesthetic agents in milk is not known; how-
ever, clinical experience suggests that prolonged neonatal
sedation following clinical recovery of dams is not common.

Local anesthetic drugs (e.g., lidocaine and bupivacaine) and
first-generation bupivacaine metabolites are excreted in milk
after their epidural administration in humans. Although these
agents are detectable in milk, their influence on neonates is neg-
ligible based on maximum Apgar (activity, pulse, grimace, ap-
pearance, and respiration) scores at delivery.64

Nonsteroidal anti-inflammatory drugs appear to reach only
limited levels in milk after maternal administration. In humans,
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acetaminophen and aspirin are considered compatible with breast
feeding.59 Studies evaluating carprofen in cattle indicated that
milk levels were below detectable limits (<0.022 µg/mL) after a
single-dose administration. After experimental induction of mas-
titis, carprofen was detected at low levels (0.16 µg/mL) for 12 h
following single-bolus administration and decreased to unde-
tectable levels (<0.022 µg/mL) by 24 h.65 Following a single
dose of ketoprofen (3.3 mg/kg) in cattle, nonquantifiable concen-
trations of ketoprofen were detected in milk for only 2 h.66

Similar results have been reported in lactating goats.67

With the possible exception of the nonsteroidal anti-
inflammatory drugs and their potential for inhibiting newborn
organ maturation, it appears that most commonly used analgesic
drug classes may be safely administered during the lactation pe-
riod without adverse effects on newborns.
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Introduction
Proper care of trauma or critical patients requires advanced plan-
ning, an ordered protocol, and efficient use of time and resources.
When a team approach is taken in the emergency room, with
each member of the team given preassigned duties, rapid evalua-
tion and treatment are possible. Airway, breathing, circulation,
and neurological status should be immediately assessed upon a
patient’s arrival, and circulation, ventilation, and neurological
function should be reassessed frequently during the initial treat-
ment period. Respiratory rate and effort, heart rate and rhythm,
blood pressure, pulse quality, capillary refill, central nervous sys-
tem (CNS) function, and pain should be evaluated to determine
the patient’s status and prognosis.1 Severely traumatized or criti-
cal patients are subject to a variety of complications that may
manifest in the first few days following presentation. These com-
plications may not be directly related to the initial insult, but re-
flect overall tissue destruction, immune suppression, and meta-
bolic imbalances. These complications may be septic, nonseptic,
or both in origin.2,3

Critically ill patients should always be considered likely can-
didates for developing some form of shock, a state of generalized
inadequate tissue perfusion. Hypotension usually accompanies
shock, but during early compensation, shock can occur with nor-
mal blood pressure. Shock may result from blood loss, poor car-

diac function, sepsis, or interruption of tissue blood flow. The
probability of recovery from shock is related to the magnitude of
the oxygen debt that occurs. After an overwhelming injury or in-
fection, the sequelae to oxygen debt may not be reversible.
Inadequate resuscitation, another major insult (e.g., anesthesia
and surgery), or several small insults during this time often result
in death.

When anesthetizing critically ill patients, the primary goal is to
optimize tissue perfusion and oxygen delivery to all vital organ
systems while inducing unconsciousness, an appropriate degree
of analgesia, and muscle relaxation. The ultimate goal of therapy
should be optimal physiological function rather than restoration
of measured hemodynamic parameters to normal. Values gener-
ally considered normal for healthy anesthetized patients are asso-
ciated with higher rates of mortality in high-risk patients. In
prospective studies of human trauma patients, survivability is as-
sociated with cardiac indexes 50% higher and blood volumes
110% to 120% higher than normal at the end of surgery.4 These
values are necessary to meet the increased metabolic demand of
fever and tissue repair in posttrauma and postoperative patients
(Table 46.1).

Traumatized or critically ill patients are often near cardiopul-
monary collapse or arrest. Causes of acute circulatory failure in
these patients include severe myocardial ischemia, malignant
dysrhythmias, hypoxemia associated with severe lung damage or
airway obstruction, hemorrhagic shock, acid-base or electrolyte
abnormalities, profound vagal tone such as is associated with the
oculocardiac reflex, and electrocution. When cardiovascular col-
lapse occurs during attempts to stabilize severely traumatized or
critically ill patients, cardiopulmonary resuscitation should be in-
stituted immediately.

Shock
Septic Shock
As a general rule, anesthesia should not be undertaken until a pa-
tient’s vital organ functions have been assessed and stabilized. If
the patient is in shock, the etiology should be determined and
corrective measures initiated before anesthesia. Anaphylactic
shock and neurogenic shock are characterized by relative hypo-
volemia and hypotension caused by acute increases in vascular
capacitance. Hypovolemic shock and neurogenic shock are typi-
cally observed in acutely traumatized patients, whereas septic
shock and the systemic inflammatory response syndrome (SIRS)
develop after the initial insult. SIRS is a global activation of the
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immune system and release of many cytokines, resulting in a
generalized increase in vascular permeability, neutrophil infiltra-
tion, and capillary microemboli. Early signs of SIRS and septic
shock include brick-red mucous membranes, tachycardia, high
cardiac output (in euvolemic patients), normal or low blood pres-
sure, and low vascular resistance. Classifications of SIRS for
dogs and cats based on the presence of various key clinical signs
have been proposed and are listed in Table 46.2.5 Clinically, in
cats, the signs of late-stage sepsis are more commonly recog-
nized than are those of early hyperdynamic sepsis.6 Cats often
differ from dogs in that a cat’s signs of late shock include brady-
cardia, hypotension, and hypoglycemia.

In cats, lung function is often impaired early in SIRS because
of rapid fluid accumulation. In dogs, the order of organ dysfunc-
tion is commonly gastrointestinal tract, followed by liver, kidney,
and then lung. Patients suffering from noncardiogenic pulmonary
edema may have this condition exacerbated by rapid crystalloid
fluid administration. Persistent microcirculatory perfusion fail-

ure may lead to sludging of blood and increased immune cell and
platelet aggregation. Along with the release of inflammatory me-
diators, these conditions result in poorly regulated coagulation
and propagation of the inflammatory response. Toxic oxygen free
radicals can cause further cellular damage, persistent edema, and
increased oxygen diffusion distance between cells and capillar-
ies. If oxygen delivery to tissues is chronically impaired, the sys-
temic inflammatory state can lead to multiple organ dysfunction
syndrome (MODS), traditionally defined as irreversible shock.

Successful management of animals with septic shock or SIRS
depends on anticipation, not reaction.3 Appropriate antibiotic ad-
ministration, aggressive cardiovascular support, and monitoring
of the susceptible organs must be undertaken early. An algorithm
depicting SIRS management is presented in Fig. 46.1.3 Thera-
peutic agents and doses used in the treatment of various meta-
bolic derangements associated with SIRS are listed in Table 46.3.

Hemorrhagic Shock
Clinical signs of hemorrhagic shock most commonly encoun-
tered in acutely traumatized patients include pallor, cyanosis, dis-
orientation, tachycardia, cold extremities, cardiac dysrhythmias,
pump failure, tachypnea, hypotension, oliguria, disseminated in-
travascular coagulation, and progressive metabolic acidosis.1

With acute blood loss, normal homeostatic reflexes vigorously
defend blood pressure in an attempt to maintain vital organ func-
tion. As hemorrhage ensues, plasma renin levels elevate, the an-
tidiuretic hormone level increases, and the sympathetic nervous
system activates to produce tachycardia and arteriolar vasocon-
striction. These mechanisms can maintain blood pressure until
about 40% of normal blood volume is lost (more loss than is clin-
ically acceptable).1 Thus, an animal can be severely hypovolemic
but normotensive. Once blood loss exceeds 40% of blood vol-
ume, compensatory organ mechanisms fail over time, and shock
becomes irreversible. Prolonged poor tissue perfusion causes tis-
sue ischemia, loss of cell membrane integrity, and cell death.1 If
the trauma involves crushing of tissues or severe burns, shock is
accompanied by increased capillary permeability and rapid
translocation of fluids. In addition, toxic factors from exogenous
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Table 46.1. Cardiovascular resuscitation goals for animals with systemic inflammatory response syndrome.

Variable Goal

Mixed venous oxygen tension, PvO2 (mm Hg) >40
Pulmonary artery pressure (mm Hg) >25/10
Pulmonary wedge pressure (mm Hg) 218
Systemic vascular resistance >1450

(dyne � s/cm�5 � m2)
Pulmonary vascular resistance

(dyne � s/cm�5 � m2) 45–250
Oxygen extraction (%) 22–30
Cardiac index (L/min � m2) >4.5
Oxygen delivery (mL/min � m2) >600
Oxygen consumption (mL/min � m2) >170

PvO2, mixed venous oxygen tension.
From Hardie.5

Table 46.2. Proposed definitions of systemic inflammatory
response syndrome in dogs and cats.

Proposed for dogs, the presence of two or more of the following
clinical conditions:

Body temperature > 40°C or < 38°C
Heart rate > 120 beats/min in calm, resting dogs
Hyperventilation of PaCO2 < 30 mm Hg
White blood cell count > 18,000/mL or < 5000/mL or > 5% 

immature (band) forms
Proposed for cats, the presence of two or more of the following
clinical conditions:

Body temperature > 40°C or < 38°C
Heart rate > 140 beats/min in calm, resting cats
Respiratory rate > 20 breaths/min or PaCO2 < 28 mm Hg
White blood cell count > 18,000/mL or < 5000/mL or > 5% 

immature (band) forms

PaCO2, arterial carbon dioxide partial pressure.
From Hardie.5



sources (e.g., microbial toxins) and endogenous sources (e.g., fat
emboli, potassium-ion release, lysosomal enzymes, and myocar-
dial depressant factor) are simultaneously released, causing fur-
ther organ malfunction.7

The primary treatment of hemorrhagic shock is aggressive
fluid therapy. Large-bore intravenous catheters should be placed
in each cephalic vein and/or jugular veins, and warm, crystalloid
solutions, blood, and/or hemoglobin-based oxygen-carrying so-
lutions infused. If necessary, fluids can also be administered rap-
idly into the intraosseous space of the tibia or femur. When rapid
infusion of large volumes of crystalloids decreases the concentra-
tion of serum total solids to below 3.5 to 4.0 g/dL, simultaneous
colloid solution administration is advantageous in maintaining
intravascular volume.8

Albumin is an excellent plasma expander, but is expensive and
can induce immune responses. Hetastarch compares favorably to
albumin and has an extremely low toxicity in people and ani-
mals.9 The dose of hetastarch is up to 20 mL/kg/day in dogs. In
cats, a smaller volume and slower rate of administration are rec-
ommended. All colloids can affect coagulation, but rapid hemo-
dilution with larger volumes of crystalloids can, as well. In dogs
administered less than 30 mL/kg hetastarch, clotting time, clot
retraction, platelet count, and whole clot lysis are not signifi-
cantly affected.10,11 Hetastarch does, however, decrease all three
components of the factor VIII–related complex. After a single

hetastarch dose, plasma expansion can last 24 to 48 h.9 Plasma
administration decreases the continual decline of plasma protein
level, but it is difficult to increase total protein significantly by
plasma administration alone. The use of fresh-frozen plasma is
best reserved for patients that are deficient in coagulation factors.

Hypertonic saline may be beneficial in the early treatment of
hypovolemic and hemorrhagic shock.12 Intravenous administra-
tion of small volumes (4 to 6 mL/kg) of 7.5% hypertonic saline has
beneficial cardiovascular effects in hypovolemic dogs and
cats.13–15 Increases in pressure and cardiac output appear to be
mediated primarily by rapid increases in plasma volume.14 A sec-
ond potential benefit of hypertonic saline administration is mini-
mization of the risk of cerebral edema in patients with head
trauma.16,17 Hypertonic saline (7.2% sodium chloride [formula-
tions vary]; 4 mL/kg intravenously [IV]) may be administered over
15 min in acute hypovolemic episodes. The addition of a colloid
to hypertonic saline appears to prolong its effects. It is important
to remember that hypertonic saline shifts fluid from the extravas-
cular space to the intravascular space. Total body water does not
significantly increase unless additional crystalloid fluids are given
soon after the hypertonic saline. Contraindications for hypertonic
saline administration include hypernatremia, cardiogenic shock,
renal failure, hyperosmolarity, uncontrolled hemorrhage, and
thrombocytopenia (if in dextran). Hypertonic solutions may pro-
duce hyperchloremic nonrespiratory acidosis and hypokalemia.
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Fig. 46.1. Algorithm depicting SIRS patient management. BP, blood pressure (implies systolic); CRI, continuous-rate infusion; CVP, central ve-
nous pressure; IV, intravenous; MODS, multiple organ–dysfunction syndrome; NL, normal; PCWP, pulmonary capillary wedge pressure; and
SIRS, systemic inflammatory response syndrome. From Purvis and Kirby.3
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Massive blood loss will eventually require transfusion of
whole blood or packed red blood cells to replace oxygen-
transport capacity. Hemoglobin-based oxygen-carrying solutions
(e.g., Oxyglobin [bovine hemoglobin glutamer 200]) can serve to
increase oxygen capacity; however, the effects are usually brief,

requiring additional blood-product transfusion. Trend monitoring
of hematocrit (or hemoglobin concentration), total solids, central
venous pressure, and urine output is helpful in guiding resuscita-
tion. The use of whole blood should be reserved for patients that
need cells and plasma. If the packed cell volume (PCV) is less
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Table 46.3. Therapeutic agents used to treat metabolic derangements associated with systemic inflammatory response syndrome.

Metabolic Derangement Dose Regimen Use and/or Frequency

Hypovolemia
Hypertonic crystalloids

7.5% NaCl solution 4 mL/kg IV Once
(70 mL 23.4% NaCl in 180 mL 0.9% 

NaCl or 6% dextran 70)
Colloids

Plasma Maximum: 20 mL/kg/24 h IV As needed
Hetastarch 120 Maximum: 20 mL/kg/first 24 h, and then As needed

10 mL/kg/24 h IV (slow infusion)
Dextran 70 Maximum: 20 mL/kg/first 24 h, and then 10 mL/kg/24 h As needed

IV (slow infusion)
3% Albumin (12 mL 25% human 20 mL/kg IV Resuscitation

albumin in 488 mL lactated Ringer’s 
solution)

Isotonic crystalloids
Lactated Ringer’s solution 90–270 mL/kg IV Resuscitation

10–20 mL/kg/h IV To meet ongoing needs 

Altered clotting function
Heparin (low dosage) 75–100 U/kg SC Every 6–8 h
Heparin-activated plasma (incubate 10 mL/kg IV Every 3 h, based on clotting 

5–10 U/kg heparin with 1 U fresh function
plasma for 30 min)

Metabolic dysfunction
KCl 0.125–0.25 mEq/kg/h IV; do not exceed 0.5 mEq/kg/h As needed
Glucose 50–500 mg/kg/h IV As needed
NaHCO3 Base excess � 0.3 � body weight in kg = mEq As needed (pH 7.1 or less)

needed to correct deficit, IV (slow infusion)

Gastrointestinal tract dysfunction
Cimetidine 5–10 mg/kg IV, IM, PO Every 6–8 h
Ranitidine 2 mg/kg IV, IM, PO Every 8–12 h
Omeprazole 0.7 mg/kg PO Every 24 h
Misoprostol 3 µg/kg PO Every 24 h
Sucralfate 250 mg (cats) PO Every 8–12 h

500 mg (dogs < 20 kg) PO Every 8–12 h
1 g (dogs > 20 kg) PO Every 8–12 h

Kaolin-pectin 1–2 mL/kg PO Every 6–8 h
Metoclopramide 0.2–0.5 mg/kg SC Every 6–8 h 

Renal dysfunction
Mannitol 0.25–1 g/kg IV Once (slow bolus)
Furosemide 1–2 mg/kg IV If no effect, repeat in 2 h and 

increase dose by 1 mg/kg
Dopamine 1–3 µg/kg/min IV As needed until urine production 

consistently > 2 mL/kg/h

IM, intramuscularly; IV, intravenously; PO, per os (orally); SC, subcutaneously; U, units.
From Hardie.5



that 20% and the protein level is normal, transfuse cells. The rule
of thumb is that 2.2 mL of blood/kg body weight increases the re-
cipient’s PCV by 1%; however, this depends somewhat on the
hematocrit of the donor blood.

Oxyglobin is a hemoglobin-based oxygen-carrying solution
that increases plasma and total hemoglobin concentration. Its
elimination half-life is 30 to 40 h, but its effective action may be
much shorter. Some blood tests that use colorimetric changes
will be altered after the administration of Oxyglobin, because of
the change in plasma color. The recommended dose in dogs is ap-
proximately 15 mL/kg IV (the label dose is up to 30 mL/kg) at a
rate of 5 mL/kg/h (the label rate is 10 mL/kg/h). Patients should
be carefully monitored during and after Oxyglobin administra-
tion because of its effects on vascular resistance and right atrial
pressure. A more conservative dosing strategy considers trends in
monitored total hemoglobin concentration (i.e., maintain 8 to 10
g/dL total hemoglobin). In cats, smaller volumes and slower ad-
ministration should be used. To avoid volume overload when ad-
ministering larger doses of Oxyglobin, it is recommended that
central venous or right atrial pressure be monitored.

Spinal Shock
This is a common sequela to spinal cord injury or blunt trauma,
which can disrupt sympathetic nervous system outflow. The pa-
tient’s extremities will feel warm (peripheral vasodilation), and
even though hypotension is present, heart rate is slow because of
sympathetic denervation. These patients are relatively hypov-
olemic; that is, intravascular capacity greatly exceeds intravascu-
lar volume. Organ perfusion may or may not be adequate, and
vascular resistance is drastically reduced. These patients are more
susceptible to hypothermia because they cannot constrict periph-
eral vasculature. Fluids should be administered to increase vascu-
lar volume. If arterial pressure is low and the pulse cannot be pal-

pated, mixed inotropic-pressor–type drugs should be given to in-
crease blood flow to vital organs. Intravenous ephedrine, mephen-
termine, or metaraminol are good choices in these patients (Table
46.4).18 Since resistance and flow are inversely related, the useful-
ness of pressors alone is limited. Use of vasopressors may com-
pound compromised visceral perfusion and increase cardiac
workload.6 If there is any question as to adequacy of contractility,
pressors should not be used before inotropes. Not all inotropic or
vasoconstrictor drugs produce equivalent hemodynamic effects.
Hemodynamic responses to norepinephrine, epinephrine, and iso-
proterenol are illustrated in Fig. 46.2. These differences are medi-
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Table 46.4. Vasoconstrictor and mixed inotropic-vasoconstrictor drugs.

Catecholamine Receptor Activation
Drug Dose and

Drug (Trade Name) �1 �2 ß1 ß2 Infusion Schemes

Phenylephrine (Neo-Synephrine) +++ + � Little at high dose � Bolus: 0.15 mg/kg IV
Infusion: 0.5–1.0 µg/kg/min

Methoxamine (Vasoxyl) ++ + � � Bolus: 0.1–0.8 mg/kg IV (cardiac arrest)
Bolus: 0.01–0.04 mg/kg IV (vasopressor)

Ephedrine + + + + Bolus: 0.1–0.25 mg/kg IM; 0.03–0.07 mg/kg IV
Direct and indirect (NE release) effects

Metaraminol (Aramine) + + + + Bolus: 30–100 µg/kg IM
Infusion: 20–50 µg/kg/min

Similar to ephedrine effects initiallya

Mephenteramine (Wyamine) + + + + Bolus: 0.2–0.6 mg/kg IM
Similar to ephedrine effects

Norepinephrine (Levophed) +++ +++ + Little Infusion: 0.01–0.03 µg/kg/min up to a 
maximum 0.1 µg/ kg/min to effect

IM, intramuscularly; IV, intravenously; NE, norepinephrine; +, positive effect; �, no effect.
aMetaraminol replaces NE in storage vesicles in the nerve terminal. It has only one-tenth the potency of NE at � receptors and may eventually produce a hy-
potensive effect.

Fig. 46.2. Differences in cardiovascular effects of intravenously ad-
ministered norepinephrine (NE), epinephrine (EPI), and isoproterenol
(ISO). Schematics represent relative effects on blood pressure (BP),
femoral blood flow (FBF), renal blood flow (RBF), peripheral vascular
resistance (PR), myocardial contractile force (MCF), heart rate (HR),
and cardiac output (CO). Primary responses are noted as either �-,
�1-, or �2-receptor mediated; and R, reflex mediated. Differences in
cardiovascular effects of these catecholamines are caused by varia-
tion in � and � selectivity for each agonist and dose.

FPO



ated by variations in adrenergic receptor activation and dose.
Indirect-acting agents such as ephedrine enhance release of en-
dogenous norepinephrine from sympathetic neuronal terminals
and also induce direct vasoconstrictive effects.

Cardiogenic Shock
This type of shock occurs when the ability of the heart to main-
tain cardiac output is insufficient to meet the body’s demand. The
circulatory compromise is caused entirely by cardiac dysfunc-
tion. Once overwhelming cardiac disease progresses and a pa-
tient can no longer compensate, signs of failure appear. If therapy
does not improve systemic perfusion and the patient’s ability to
meet metabolic needs, the patient will die. The diagnosis and
treatment of cardiogenic shock are beyond the scope of this chap-
ter, but have been reviewed.19

Patient Monitoring and
Pharmacological Support
Measurement of perfusion is challenging in veterinary patients.
Lactate can be used as a surrogate measure for perfusion. In low-
flow situations, tissue hypoxia results in increased anaerobic me-
tabolism and subsequent increased lactate production. Studies
suggest that trends in lactate concentration are more helpful in
predicting outcome than is measuring cardiac output.20,21 The
magnitude of the elevation is positively correlated with the mag-
nitude of the underlying problem and negatively correlated with
prognosis. The normal lactate concentration should be deter-
mined for each laboratory, but is generally less than 1.5 mM/L.

In traumatized or critically ill patients, either a continuous or
intermittent electrocardiogram should be monitored with a
rhythm printout obtained immediately prior to anesthesia or if
abnormalities are noted. Antiarrhythmic drugs that may be useful
during management of traumatized or critically ill patients in-
clude lidocaine, procainamide, and esmolol. Lidocaine can be
used to treat ventricular arrhythmias (dogs: 1 to 4 mg/kg IV
bolus, followed by 40 to 80 µg/kg/min IV infusion).22 Lidocaine
should be used more cautiously in cats (0.25 to 1.0 mg/kg IV
over 5 min).22 Refractory ventricular arrhythmias may require
treatment with procainamide (1 to 10 mg/kg IV, followed by 20
to 50 µg/kg/min IV infusion).22 Since procainamide may cause
profound hypotension, it should be administered in smaller
doses, which are repeated when necessary. Esmolol (0.5 mg/kg
slow IV, followed by 50 to 200 µg/kg/min IV infusion) is a �

blocker with a very short half-life (a half-life of elimination of
about 10 min) that may be used in the treatment of supraventric-
ular tachycardias and ventricular arrhythmias. Esmolol signifi-
cantly decreases contractility and should not be routinely used
unless hemodynamic monitoring is available.23,24

Several drugs commonly recommended for resuscitation and
stabilization have been reevaluated since their introduction.
Because of the potential complications of sodium bicarbonate, its
use in resuscitation and intensive care units is continuously scru-
tinized. It has been used in advanced cardiac life support for 40
years, but its nonselective use has become controversial over the
last 15 to 20 years.25 In the treatment of arrest, it has gone from

being a first-line drug in the first American Heart Association’s
Standards for Cardiopulmonary Resuscitation and Advanced
Cardiac Life Support to current recommendations that its use
may be indicated in cases of protracted arrest or long resuscita-
tive efforts with preexisting metabolic acidosis.25 Reasons in-
clude lack of clinical studies of buffer therapy, knowledge that
normal pH can be maintained by compression and hyperventila-
tion, and the potential ill effects of bicarbonate therapy.26

If sodium bicarbonate is used, it is reasonable that the time in-
terval to its administration be based on the rate of metabolic aci-
dosis development, rather than the duration of resuscitative ef-
forts.25 In dogs, serum-base deficits increase by 1.1 to 1.5 mEq/L
for every minute of circulatory arrest; the arterial lactate concen-
tration increases by 0.3 mmol/L/min (with epinephrine adminis-
tration) and 0.6 mmol/L/min (without epinephrine administra-
tion) of arrest and cardiopulmonary resuscitation.25

The role of bicarbonate therapy for metabolic acidosis caused
by diminished oxygen delivery to tissues in critically ill or trau-
matized patients is also controversial.27 Successful treatment of
the underlying excessive intracellular production of hydrogen
ions will often resolve the acidosis. It is not clear whether buffer-
ing the blood, extracellular fluid, and intracellular fluid actually
slows the production of metabolic acid or simply facilitates its re-
moval. Most current recommendations advise avoiding bicarbon-
ate therapy for lactic acidosis unless acidosis is so severe that
physiological functions are dangerously impaired. Little existing
experimental data support the use of bicarbonate for the treat-
ment of acidosis.27 Additionally, bicarbonate administration is
not without risk. Its potential adverse effects include negative in-
otropy, paradoxical cerebrospinal fluid acidosis, hypercarbia, al-
kalosis, vasodilation, hyperosmolarity, electrolyte disturbance
(e.g., hypokalemia and hypocalcemia), shifting of the oxyhema-
globin-dissociation curve (i.e., decreased oxygen delivery be-
cause of increased affinity of hemoglobin for oxygen), and vol-
ume overload caused by sodium.28 The standard formula used to
calculate bicarbonate replacement is milliequivalents of bicar-
bonate = base deficit � 0.3 � body weight (kg). This formula is
used for correcting metabolic acidosis in the extracellular fluid
compartment. Total-body base-deficit correction may require a
greater dose and intravascular correction a smaller dose. To avoid
a vascular alkalosis, the dose should not be administered faster
than it can be redistributed from the vascular space to the inter-
stitial space. If administered too quickly, severe hypotension and
death may result. A more conservative approach is to calculate
the deficit, but administer only one-third of the dose at a time.
Allow enough time for equilibration and recheck a blood gas.
There are alternative alkalinizing agents such as tromethamine
(THAM) and Carbicarb (a mixture of sodium carbonate and
sodium bicarbonate), but these alternative agents have not proven
to be superior.

Dopamine has been used as a sympathomimetic and dopamin-
ergic drug since the 1960s. The potential for protective effects of
low-dose dopamine on renal and splanchnic perfusion has led to
the widespread use of this drug in critically ill patients (Table
46.5). Although low-dose dopamine may increase urine produc-
tion, it neither prevents nor improves acute renal failure. Even
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though low-dose dopamine does increase diuresis, it may actu-
ally increase the risk of acute renal failure in normovolemic and
hypovolemic patients.29 Similarly, there is no evidence that low-
dose dopamine has beneficial effects on splanchnic function or
decreased progression to MODS in sepsis.29 Because of its ef-
fects on gastrointestinal motility, and respiratory, endocrine, and
immunologic function, the use of low-dose dopamine is no
longer routinely advised.29 At higher doses, dopamine has been
used as a pressor in septic patients, with the thought that �1 ac-
tivity, in addition to �1-adrenergic–mediated pressor effects,
would improve contractility and minimize the effect of increas-
ing afterload on cardiac output. Because of the aforementioned
potential adverse effects, its use as a pressor is likewise being fur-
ther questioned.29

Additional controversy exists regarding the presence of
dopaminergic receptors in the feline kidney. Putative DA1-like
receptors have been discovered in the cortex of the feline kid-
ney.30 DA1 receptor pharmacology in the feline kidney appears to
be similar to that of humans. There is a much smaller population
of receptors in the feline renal cortex than in the renal cortex of
rats, dogs, or people. It has been hypothesized that the smaller
population of DA1 receptors could account for the higher dose re-
quirement to induce diuresis and natriuresis in cats when com-
pared with other species.30 However, as indicated for dogs, diure-
sis does not necessarily equate with improved renal function.
Dopamine may be useful as an inotropic sympathomimetic agent
in cats that have decreased cardiac output secondary to anesthetic
drug administration.

Management of Selected Traumatized
Patients
Head Trauma
The hallmark of severe closed head injury is loss of conscious-
ness associated with increased intracranial pressure and brain is-
chemia. Severe lacerations of the head may be associated with
severe blood loss and shock. If airway obstruction is evident, a
tracheostomy may be necessary to ensure airway patency. Time
is of the essence, because intracranial hemorrhage or hyperten-
sion can have devastating effects if undiagnosed or untreated for
even a short period. In general, severe closed head injury result-
ing in stupor or coma has a poor prognosis.

Anesthetic agents that increase cerebral blood flow (e.g.,
halothane, nitrous oxide, and ketamine) are not recommended for
use in these patients. Because barbiturates produce rapid induc-
tion, decrease cerebral metabolic requirement for oxygen
(CMRO2), and decrease cerebral blood flow, they may be reason-
able agents for patients with severe head injury.31 Following
acute brain injury, large doses of glucocorticosteroids (1 to 3
mg/kg dexamethasone) may be helpful in controlling cerebral
edema, although this use is now quite controversial.32 Intubation
and modest hyperventilation (arterial carbon dioxide partial pres-
sure [PaCO2] values of 28 to 32 mm Hg) may protect against
dangerous increases in cerebral blood flow and pressure. Care
should be exercised not to negatively impact arterial blood pres-
sure and cardiac output with positive-pressure ventilation. If the
PaCO2 is allowed to decrease below 25 mm Hg, there is a danger
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Table 46.5. Positive inotropic drugs.

Catecholamine Receptor Activation
Noncatecholamine Drug Dose and 

Drug (Trade Name) �1 �2 �1 �2 Dopamine Mechanism Infusion Schemes

Epinephrine (Adrenalin) +++ +++ ++ ++ � No 0.01–0.03 µg/kg/min (vasopressor)
0.1–0.2 mg/kg IV (cardiac arrest)

Isoproterenol (Isuprel) � � +++ +++ � No 0.01–0.1 µg/kg/min; used primarily 
to increase heart rate; may
cause hypotension

Dobutamine (Dubutrex) Little Little +++ ++ � Noa 2–10 µg/kg/min
Direct and minimal indirect effects

Dopamine (Intropin) ++ + ++ + +++ Noa,b 2–5 µg/kg/min; “renal dose”
(High (Low (Low 5–10 µg/kg/min; � effects
dose) dose) dose) 10–20 µg/kg/min; vasoconstriction

Direct and indirect actions
Dopexamine � � Little +++ ++ Noa 1–10 µg/kg/min
Ephedrine + + + + � Nob 0.1–0.25 mg/kg/min IM

0.03–0.07 mg/kg IV
Both direct and indirect effects

Milrinone � � � � � Yes 50–75 µg/kg IV bolus; oral 
administration possible

Phosphodiesterase inhibitor, c cAMP in heart, peripheral vasodilator, c inotropy additive to other types

cAMP, cyclic adenosine monophosphate; IM, intramuscularly; IV, intravenously; +, positive effect; �, no effect; c, increased.
aBlocks reuptake of norepinephrine.
bPromotes release of norepinephrine from nerve terminal.



that the affected area of the brain may become ischemic because
of excessive constriction of cerebral arterioles. The use of hyper-
osmotic solutions may help to minimize intracranial pressure
caused by tissue edema. Mannitol is an ideal drug for preventing
or treating increased intracranial pressure and cerebral edema as-
sociated with global ischemia or neoplasia. However, it is not
recommended for immediate use in patients with suspected in-
tracranial hemorrhage (head trauma). Hemorrhage or leaking of
hyperosmotic solutions into perivascular neural tissue would in-
crease interstitial fluid volume and intracranial pressure.

Cervical trauma may injure the innervation to respiratory mus-
cles (phrenic and intercostal nerves) such that oxygen therapy,
tracheal intubation, and mechanical ventilation may be neces-
sary. Spinal injury may also cause autonomic dysfunction, result-
ing in gastric bloat, bradycardia, and electrolyte imbalances.
Thermoregulation may also be seriously impaired.

Thoracic and Abdominal Trauma
Penetrating trauma of the thorax and abdomen is usually obvi-
ous. Blunt trauma presents a greater diagnostic challenge, be-
cause external examination may reveal no obvious abnormalities.
A chest radiograph is essential following any type of thoracic
trauma. Lung contusions, broken ribs, and flail chest are com-
mon. Pulmonary contusions may not become apparent until 12 to
24 h after injury. Radiographic findings might not correlate with
functional deficits; therefore, arterial blood-gas analysis is essen-
tial for evaluating patient status. Severe hypoxemia often results
from extensive lung contusions, and ventilatory support or oxy-
gen therapy may be required. Low inspiratory pressures (<12 cm
of water) should be used if intermittent positive-pressure ventila-
tion (IPPV) is deemed necessary in patients that have a pneu-
mothorax or bullae. Any accessible gas should be removed prior
to anesthesia or if respiratory difficulty develops. Intermittent
thoracocentesis may be adequate, but an indwelling chest drain
should be considered if respiratory difficulty continues to de-
velop. Pulmonary lesions tend to worsen within 24 to 36 h after
injury.33 Lung contusions will usually resolve in 2 to 5 days.1

Medical management of pulmonary contusions includes oxygen,
corticosteroid, analgesic, and antibiotic administration, and di-
uretic therapy when pulmonary edema is present. When contu-
sions are severe, anesthesia, intubation, and low-pressure me-
chanical ventilation may be necessary.33

In small animals, thoracic and abdominal injuries are com-
monly associated with blunt trauma rather than with penetrating
objects. Common cardiac injuries include tamponade, contusion,
and rupture. Patients with pericardial effusion and cardiac tam-
ponade will manifest jugular vein distension, muffled heart
sounds, and hypotension (Beck’s triad) in addition to tachycardia
and reduced pulse pressure. The administration of intravenous
fluid and inotropic drugs (Table 46.5), and immediate pericardial
drainage (pericardiocentesis), may be necessary to maintain an
adequate cardiac output. It is best to avoid controlled IPPV in
patients that have tamponade. An infusion of fentanyl (0.8
µg/kg/min IV) and midazolam (8 µg/kg/min IV) with orotracheal
intubation and oxygen support, rather than an inhalant, may be
used for anesthetic maintenance until the pericardium can be

opened and cardiac output improved. Patients with myocardial
contusions will often develop ventricular dysrhythmias, which
appear to be most common 24 to 72 h after trauma. Arrhythmias
require correct diagnosis and appropriate therapy with antiar-
rhythmic agents prior to and during the surgical period. Myo-
cardial rupture usually causes death at the scene of the accident.

In the urban environment, the incidence of abdominal injury
has been reported at 13% of all dog and cat trauma cases treated.34

Blunt abdominal trauma can damage several vital organs by rup-
turing spleen and/or liver, or kidney and urinary bladder, or per-
forating the bowel or large abdominal vessels. In cases with a
history of severe abdominal trauma, common sequelae are hypo-
volemic shock caused by organ or vessel rupture and/or septic
shock resulting from septicemia. Abdominal ultrasound and radi-
ographs should be used to evaluate abdominal injuries. Ab-
dominal vascular injuries can be assessed by diagnostic peritoneal
lavage. Although not organ specific, this technique is helpful in
diagnosing unstable patients with a history of severe abdominal
injury. Abdominal compression may reduce hemorrhage, but can
also reduce vital tissue perfusion. Urinary catheterization will
help to evaluate urinary tract injury and renal function.

Thermal/Burn Trauma
Although treatment of severely burned patients is uncommon,
several factors important to intensive care management should be
kept in mind. As is true with any trauma patient, initial treatment
involves attention to airway, breathing, and circulation. If a pa-
tient is apneic or in stridor, or if the face is burned or the history
indicates inhalation of steam, smoke, or toxic fumes, the trachea
should be intubated immediately after sedation and induction.1

Inhalation of carbon monoxide can cause severe tissue hypoxia
even though mucous membranes and arterial oxygen partial pres-
sure (PaO2) may be near normal. Blood oxygen content can be
drastically reduced because carbon monoxide has 200 times
more affinity for hemoglobin than does oxygen. Since the major-
ity of oxygen is carried on hemoglobin, and not in solution in the
plasma (as measured with arterial blood gas), oxygen delivery to
the tissues may be severely impaired. After intubation, the animal
should be placed in an oxygen cage or ventilated mechanically
with oxygen. After the airway has been secured, the burn patient
will require large volumes of fluid. Fluid loss because of in-
creased capillary permeability, protein loss into the interstitial
tissues, and evaporative losses can be extensive, especially within
the first 12 to 24 h after injury.1 It has been suggested that only
crystalloid solutions be administered during this time, because
colloid solutions would likely rapidly extravasate. Volume re-
placement should be closely monitored by measuring urine out-
put and hemodynamic parameters regularly. Burn patients are
hypermetabolic and will often have increased temperatures, in-
creased catabolism, and increased oxygen requirements.
Tachypnea and tachycardia are common, and parenteral nutrition
is usually necessary to overcome metabolic losses.

Providing anesthesia for burned and crushed patients presents
some unique problems, but selection of anesthetics is not critical
if done on a rational patient-by-patient basis. To enhance preop-
erative and postoperative analgesia, the use of opioids (e.g., fen-
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tanyl patches placed on an area of nonburned skin) should be
considered with any technique. Transdermal or topical medica-
tions should not be applied to damaged epithelial surfaces, be-
cause the pharmacokinetics of the drug may be significantly al-
tered. If there are no contraindications, ketamine may provide
some degree of somatic analgesia. Ketamine may be given as a
low-dose infusion (0.5 mg/kg IV, followed by 2 to 10 µg/kg/min
IV) as an adjunct to opioid analgesia.

Burn patients may not respond normally to muscle relaxants.35

For example, within 24 h of injury, succinylcholine administra-
tion is associated with a rapid increase in serum potassium con-
centration, which can cause cardiac arrest (see Chapter 15). In
contrast, burn patients may demonstrate increased resistance to
nondepolarizing muscle relaxants (e.g., pancuronium and
atracurium).

The principles of treatment for patients with electrical burns
are similar to those for patients with thermal burns. If the burn is
located in the oral cavity, severe swelling of pharyngeal tissues
may complicate efforts to intubate. The extent of burn is often
misleading. Small cutaneous lesions may overlie extensive areas
of devitalized tissue and muscle. Accordingly, these patients
should be carefully observed for myoglobinemia and renal fail-
ure, as well as neurological deficits and pulmonary edema.1

Anesthetic Management of Trauma and
Critically Ill Patients
Most classes of anesthetic agents may be used in trauma and crit-
ically ill patients; however, the dosage requirement is usually re-
duced. Release of endogenous enkephalins, endorphins, and
other amino peptides to reduce pain and stress may produce mild
sedation and analgesia, reducing the dose requirement of anes-
thetic agents. Anesthetic management includes protection of the
airway, provision for ventilatory support, and appropriate moni-
toring of the patient’s condition. Premedicants may be advanta-
geous to reduce anxiety and pain, and to offset anesthetic drug-
induced adverse effects.

Premedication
During the preoperative period, vagal influences on cardiopul-
monary function and excess secretions can be controlled by at-
ropine or glycopyrrolate administration. Antimuscarinics are not
routinely recommended for use in critically ill patients, though,
because they often increase heart rate and myocardial oxygen
consumption while decreasing the threshold for cardiac dys-
rhythmias.36 Because the stomach may be full, measures to pre-
vent regurgitation and aspiration before induction need to be con-
sidered. Aspiration of acidic gastric contents (pH < 2.5) will
usually lead to pneumonitis and increased morbidity and mortal-
ity. When the risk of aspiration is high, several steps can be taken
to minimize its occurrence and consequences, including glyco-
pyrrolate administration to increase the pH of gastric contents,
positioning of the animal to reduce gastric pressure, immediate
intubation of the unconscious patient by using cricoid pressure
and immediate inflation of the cuff, and the availability of suc-
tion to clear the pharynx of gastric reflux.32,37

When stabilization is necessary prior to surgery, analgesics
and/or sedatives can be given to help alleviate pain, fear, and ap-
prehension. Some clinicians apply partial (cats and small dogs)
or full (large dogs) fentanyl patches (Duragesic; 25-, 50-, 75-, or
100-µg/h release rate) that provide continual release for transcu-
taneous absorption of fentanyl over several days. In cats, partial
exposure to a 25-µg/h release patch results in lower plasma fen-
tanyl concentrations (1.14 ± 0.86 vs. 1.78 ± 0.92 ng/mL for a full
25-µg/h patch).38 All patients should be observed for either inad-
equate analgesia and signs of overdose. To allow time for effica-
cious blood fentanyl concentrations to develop, 12 to 24 h are re-
quired in most patients. Anesthetic induction and maintenance
dose requirements may be lessened in patients who have had fen-
tanyl patches applied long enough for effective blood concentra-
tions to be achieved; however, anesthetic management is not usu-
ally altered unless obvious sedation is present before anesthetic
induction. If an analgesic is needed for immediate pain relief, ei-
ther butorphanol (0.2 mg/kg IV) or a µ-agonist such as oxymor-
phone (0.05 mg/kg IV) may be given in small incremental doses.
When further CNS depression is desirable, diazepam (0.2 mg/kg
IV) or midazolam (0.2 mg/kg IV or intramuscularly [IM]) can be
combined with the opioid. Benzodiazepines are not usually ad-
ministered alone because they can induce unpredictable behavior
in both dogs and cats. In depressed dogs, however, lower doses
have been associated with rapid and profound CNS depression.39

If neurological status needs to be serially assessed, a fentanyl
constant-rate infusion (1 to 4 µg/kg IV loading dose, followed by
2 to 6 µg/kg/h IV) may be used. By 30 min after discontinuation
of the constant-rate infusion, the sedative effects have usually
abated. If shock, severe blood loss, and clotting are not of con-
cern, acepromazine (0.01 to 0.05 mg/kg, up to 1 mg maximum)
can be combined with butorphanol or oxymorphone to induce
neuroleptanalgesia. If there is no contraindication to its use,
medetomidine (1 to 3 µg/kg/h) can also be used for additional
sedation and analgesia. In critically ill cats, both oxymorphone
and buprenorphine have proven to be useful and relatively safe
analgesics.

Induction
Barbiturates may decrease myocardial contractility, depress
baroreceptor reflexes, enhance respiratory depressants, and are
poor analgesics.40 When given intravenously for anesthesia, they
can cause venodilation and usually decrease venous return, car-
diac output, and blood pressure. In the presence of moderate
blood loss, however, thiopental has been shown to increase renal
blood flow.41 The degree of myocardial depression induced is a
function of dose and rate of injection, which together determine
peak blood concentration following intravenous injection.42

Barbiturates are highly bound to proteins, and their pharmacoki-
netics can be influenced by a patient’s acid-base status, albumin
concentration, and concurrent drug administration.36 Trauma pa-
tients are often acidotic and hypoproteinemic, so the induction
dose requirement may be greatly decreased and should be antic-
ipated by clinicians. Because barbiturates can be arrhythmo-
genic, they should be used cautiously in patients with preexisting
arrhythmias. In severely hypovolemic patients or when severe
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cardiac disease and/or preexisting arrhythmias are present, other
agents or induction combinations may prove safer. If barbiturates
are used, simultaneous administration of adjuvant drugs such as
diazepam (0.2 mg/kg) or lidocaine (2.0 mg/kg) will decrease the
barbiturate requirement and the incidence of arrhythmias.43

Propofol induces similar hemodynamic depressive effects to
those of thiopental. Accordingly, propofol is not recommended
as a primary induction agent in trauma patients unless cardiovas-
cular stability has been restored.

Unlike injectable agents, inhalation agents are readily excreted
via the lung should an adverse response (other than cardiac or
respiratory arrest) result. Inhalation agents are equally hypoten-
sive compared with barbiturates and are safer than some in-
jectable induction agents only because homeostatic mechanisms
have longer to compensate for the depressant effects of the anes-
thetic during induction. The disadvantage of inhalant anesthetic
induction is that higher concentrations must be used for intuba-
tion than would be required for maintenance. Halothane, enflu-
rane, isoflurane, and sevoflurane all induce dose-dependent car-
diopulmonary depression. Isoflurane and sevoflurane are the
least depressant to cardiac output at equipotent (e.g., 1.5 mini-
mum alveolar concentration [MAC]) concentrations. If the trau-
matized or critically ill dog or cat is alert or likely to struggle, has
a full stomach, or has severe pulmonary dysfunction, induction
with an inhalation agent alone is not recommended. Intravenous
inductions in traumatized or critically ill patients may be pre-
ferred so that the airway may be controlled rapidly. Mask induc-
tions are strictly contraindicated in patients that are vomiting or
have been recently fed.

When planning anesthesia for trauma patients, there is a ten-
dency to choose an anesthetic that is an adrenergic stimulant or
is associated with minimal hypotensive effects. However, there
are limited data to suggest the superiority of stimulant drugs for
maintenance of anesthesia during severe hypovolemic shock or
in patients with severe CNS injury.1 For example, in hypo-
volemic pigs, ketamine’s overall cardiovascular effects are simi-
lar to those of thiopental.44

Ketamine is one of the few anesthetic agents with indirect car-
diovascular stimulant properties. In healthy patients, it increases
blood pressure, heart rate, and cardiac output secondary to in-
creased sympathetic activity.45 However, ketamine induces a di-
rect myocardial depressant effect in patients whose sympathetic
system is maximally stressed by hemorrhagic shock.44 This is
often the case in severely traumatized or critically ill patients. In
patients with hypertrophic or restrictive cardiomyopathy (e.g.,
cats with idiopathic cardiomyopathy and normal left ventricular
contractility), ketamine is contraindicated because it may induce
tachycardia and decrease preload.36 In patients with mitral regur-
gitation, ketamine is contraindicated because it may increase the
regurgitant fraction through increased afterload. In contrast, in
large-breed or giant-breed dogs suffering cardiogenic shock and
myocardial failure as defined by poor contractility (dilated car-
diomyopathy), ketamine may be a good choice for inducing
anesthesia. When given alone, ketamine does not provide good
muscle relaxation, and spontaneous movement is common.
Because of their propensity to increase intracranial pressure, dis-

sociatives are not recommended for patients with severe closed
head injury or open eye injury (e.g., corneal laceration).

Benzodiazepines enhance muscle relaxation and sedation
when combined with ketamine, barbiturates, or opioids. Small
intravenous doses of ketamine (5.5 mg/kg) combined with di-
azepam (0.27 mg/kg) titrated to effect can be administered to
some high-risk patients if there are no contraindications to the
use of ketamine. Lower intravenous doses of diazepam (0.2
mg/kg) and ketamine (2 to 3 mg/kg) may be given in rapid se-
quence to induce anesthesia in either traumatized or critically ill
dogs or cats. If a patient is not sufficiently depressed after di-
azepam-ketamine administration, additional ketamine or delivery
of low concentrations of sevoflurane or isoflurane by face mask
will complete the induction. Isoflurane and sevoflurane are less
arrhythmogenic and act faster than halothane and thus are the
preferred agents in any trauma patient exhibiting arrhythmias or
suspected of having myocardial injury.46,47

Induction of anesthesia with opioids usually necessitates con-
comitant use of an adjunctive tranquilizer-sedative or inhalation
agent. Because most opioid agonists can depress respiration and
slow heart rate, intravenous administration should be preceded
by preoxygenation, and an antimuscarinic should be available for
rapid administration in the event that severe bradycardia is in-
duced. In dogs, intravenously administered meperidine and mor-
phine can be associated with a dose-dependent histamine release,
which can cause severe hypotension. Cautious, slow administra-
tion is acceptable if blood pressure is monitored. In contrast, in-
travenous administration of oxymorphone, hydromorphone, or
fentanyl has not been associated with histamine release and has
proven relatively safe in critically ill patients. A µ opioid recep-
tor agonist may be combined with a benzodiazepine for induc-
tion in critically ill patients. Oxymorphone or hydromorphone is
commonly given intravenously in small increments (0.05 mg/kg)
along with diazepam (0.2 mg/kg) until intubation is possible.
Alternatively, intravenous midazolam (0.2 mg/kg) and fentanyl
(5 to 10 µg/kg) may be used. Because opioids and benzodi-
azepines given together do not cause myocardial depression or
vasodilation, they make a good induction combination in patients
in hypovolemic, cardiogenic, or septic shock, and in dehydrated
patients. Nevertheless, because opioid inductions are slower than
those achieved with barbiturates, nonbarbiturate hypnotics, or
dissociatives, they are not recommended if rapid intubation of the
airway is a necessity for patient survival.

For arrhythmic patients and patients with severe cardiac dis-
ease, etomidate is perhaps the safest drug for inducing anesthesia
while maintaining cerebral and hemodynamic homeostasis. In
doses of 0.5 to 2.0 mg/kg, etomidate produces minimal hemody-
namic alterations and cardiac depression in animals.48–50 Adrenal
cortical suppression may follow anesthesia induction, but this
suppression is of limited concern when etomidate is administered
as a single bolus to a hemodynamically unstable patient.1 Etomi-
date is a rational selection for anesthesia induction in patients in
compensated or decompensated (congestive) heart failure,
whether caused by acquired chronic atrioventricular valvular dis-
ease or myocardial failure (dilated cardiomyopathy). To mini-
mize side effects such as retching and myoclonus, etomidate in-
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jection should follow the administration of a benzodiazepine
and/or an opioid. With repeated use of etomidate in cats, hemol-
ysis caused by the propylene glycol vehicle has been observed.

Anesthetic Maintenance
Along with proper monitoring, the first priority during mainte-
nance of anesthesia is adequate oxygenation, which may require
controlled ventilation of the lungs for normal gas exchange.
Blood oxygen saturation can be easily monitored by pulse
oximetry using a buccal mucosa, vulva or prepuce, tongue, toe,
or ear site. Ventilation is monitored by using capnometry or
capnography. Preservation of hemodynamic stability, which is
also essential, is achieved by providing adequate intravascular
volume, which can be monitored by placing central venous and
arterial pressure catheters, by using inotropic agents if necessary
(Table 46.5), and by maintaining proper anesthetic dose and ven-
tilator settings.18

Opioids such as oxymorphone (0.1 mg/kg IV), hydromor-
phone (0.1 to 0.2 mg/kg IV), or fentanyl (0.005 mg/kg IV) com-
bined with ketamine can be administered in small aliquots along
with diazepam or midazolam to maintain brief periods of anes-
thesia. Administration of ketamine should be repeated at an ap-
proximate dosage of 1 to 2 mg/kg IV every 20 to 30 min or as
necessary to maintain anesthesia. Administration of diazepam or
midazolam can also be repeated (0.2 mg/kg IV) every 30 to 60
min or as necessary to relax muscles adequately. Recovery can be
prolonged with repeated injections of benzodiazepines.
Anesthesia should be limited to less than 2 h. Long recoveries
may be problematic in cats because they metabolize benzodi-
azepines more slowly than do dogs. Flumazenil may be adminis-
tered to antagonize benzodiazepines once the effects of the keta-
mine have worn off. Similarly, tiletamine plus zolazepam
(Telazol) may be useful when given in low doses for minimal re-
straint. These injectable regimens are often supplemented with
low concentrations of sevoflurane or isoflurane if anesthesia
must be extended. For airway examinations or diagnostic proce-
dures that are not painful, propofol may be used as an infusion
(0.04 mg/kg/h IV) in patients in stable hemodynamic condition.
Since propofol is relatively noncumulative in dogs, recoveries are
similar to those from an induction dose. Recoveries are longer in
cats than in dogs when infusion lasts longer than 30 min (proba-
bly because of decreased glucuronide conjugation). Cats are
comparatively intolerant of phenols, which are linked to oxida-
tive injury of feline hemoglobin. The safety of consecutive-day
propofol administration (a propofol bolus and 0.2 to 0.3
mg/kg/min IV for 30 min) has been evaluated in cats.51 After 3
days, recovery times were prolonged, and there was a significant
increase in Heinz bodies; by day 5, cats did not appear to feel
well, were anorexic, and had diarrhea. Accordingly, propofol
should not be administered continuously nor repeatedly at short
intervals in cats.

When administered to hypovolemic animals, nitrous oxide
does not appear to offer any hemodynamic advantage over
halothane.52 Because trauma patients frequently have pulmonary
contusions with increased venous admixture, nitrous oxide is not
routinely recommended, and it is contraindicated if blunt tho-

racic trauma is suspected or either pneumothorax or hemothorax
is present. Similarly, the use of nitrous oxide should be avoided
in patients with a distended abdomen or diaphragmatic hernia
that has caused respiratory compromise. Nitrous oxide is a
known stimulant of cerebral metabolism and causes increased
cerebral blood flow and intracranial pressure.53 Therefore, it is
not recommended for trauma patients with severe head or open
eye injury.

Isoflurane and sevoflurane are equally hypotensive but do not
sensitize the myocardium to the arrhythmogenic effects of cate-
cholamines to the same extent as halothane.54 Sevoflurane is less
soluble than isoflurane and provides a potentially faster and
smoother induction and recovery than isoflurane. When an in-
halant anesthetic agent is used, myocardial depression and hy-
potension can be minimized by using as low a concentration as
possible. In people, it is common to administer a muscle relaxant
to help prevent patient movement when using low inhalant con-
centrations. Unfortunately, some human patients have recalled
surgical events under these conditions.1 Preanesthetic or intraop-
erative administration of an opioid or benzodiazepine tranquil-
izer with or without a muscle relaxant can help assure adequate
CNS depression during low-dose inhalation anesthesia. In hypo-
volemic anesthetized patients, fentanyl, oxymorphone, butor-
phanol, or diazepam are preferred for reduction in inhalant re-
quirement. Continuous-rate intravenous infusions of fentanyl,
fentanyl-midazolam, ketamine, or lidocaine may be used to de-
crease the inhalant requirement. Acepromazine is not a good
choice in these circumstances because it may increase vascular
capacity, reducing blood pressure. In hypovolemic patients, com-
pensatory vasoconstriction is often present preoperatively due to
increased catecholamine activity. When anesthesia is induced,
compensatory mechanisms may be blocked or fail, resulting in
profound hypotension and reduced preload and cardiac output,
especially if acepromazine has been administered. On the other
hand, if adequate volume replacement has been achieved prior to
acepromazine administration and inotropic support is available
as needed, decreasing arterial resistance (�-adrenergic blockade)
may improve perfusion (e.g., to kidneys and intestines).

Regional Anesthesia
Performing epidural or intrathecal blocks is contraindicated in
patients that are septic or have a bleeding diathesis. Epidural or
spinal blocks are contraindicated in hypovolemic patients be-
cause of the potential for profound sympathetic blockade in-
duced by these techniques when using local anesthetics. Epidural
administration of opioids (0.1 mg/kg of preservative-free mor-
phine) or low doses of �2-adrenergic agonists (e.g., 1 to 3 µg/kg
medetomidine) may prove to be effective alternatives to local
anesthetics in providing regional analgesia with minimal sympa-
thetic blockade.55,56 In severely depressed patients, or in patients
administered neuroleptanalgesia, superficial lacerations and
wounds of the extremities can be managed with infiltration of
local anesthetic or by performing peripheral nerve blocks. Local
anesthetics may not be as effective when deposited in infected
tissue because of ongoing inflammation and pH alterations.

Adjunctive regional therapy using a local anesthetic improves
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analgesia while lowering the inhalation agent requirement.
Intercostal nerve blocks (0.5 to 1.0 mL per site in dogs) with 2%
lidocaine or 0.5% bupivacaine can be performed to control post-
operative thoracotomy pain, as well as pain associated with frac-
tured ribs. Interpleural administration of local anesthetics is also
effective as an adjunct for thoracotomy and cranial abdominal
pain associated with pancreatitis or with diaphragmatic hernia re-
pair. With regional techniques, care should be taken to avoid ex-
ceeding the toxic local anesthetic dose for a given species. The
maximum dose of bupivacaine is approximately 2 mg/kg in dogs
and 1 mg/kg in cats. The maximum dose may be diluted, if nec-
essary, for more complete coverage.

Intraoperative Support
Documentation of the medical history of each patient evaluated
should include previous drug administration, because concomi-
tant drug therapy must be considered when anesthetizing a pa-
tient. Adverse cardiovascular drug interactions are increasingly
being reported. Examples of commonly administered cardiovas-
cular drugs will be illustrated here, but a more complete discus-
sion is available elsewhere.57 Many cardiovascular drugs are me-
tabolized in the liver through the several different isoforms of the
cytochrome oxidase system. Drugs may either induce the iso-
forms, thereby decreasing the plasma concentrations of certain
drugs, or inhibit the isoforms, thereby increasing the plasma con-
centrations of drugs. One of the first known interactions resulted
from the decreased rate of hepatic metabolism of lidocaine when
cimetidine was concurrently administered, leading to potential li-
docaine toxicity. Cimetidine also increases plasma concentrations
of quinidine, verapamil, and propranolol. Ranitidine inhibits
fewer isoforms and is less likely to cause such interactions.
Cimetidine also increases plasma concentrations of procainamide
by inhibiting clearance by the kidneys. The likelihood of lidocaine
toxicity increases when a �-adrenergic antagonist is administered
with lidocaine. During the coadministration of agents that depress
sinoatrial nodal function, lidocaine may cause sinoatrial arrest.57

�-Adrenergic stimulants, such as dobutamine, decrease potassium
concentrations and should be administered cautiously to patients
receiving potassium-losing diuretics. Coadministration of capto-
pril with hydralazine or procainamide may precipitate neutro-
penia because of impaired immune status. Nonsteroidal anti-
inflammatory drugs may attenuate the antihypertensive effects of
� blockers.57 Many companion animals are administered herbal
formulations that may interact with anesthetic, cardiovascular, tri-
cyclic antidepressant, and monoamine oxidase–inhibitor drugs.
The aforementioned interactions are representative of the many
potential adverse interactions possible.

Perioperative Fluid Support
Several choices of fluids are available for use in traumatized pa-
tients undergoing anesthesia and surgery. With hemorrhage, there
is contraction of extracellular volume as the intravascular com-
partment deficit is replaced with interstitial fluid. Administration
of a physiological salt solution such as lactated Ringer’s restores
this depletion and also expands intravascular volume to help
maintain cardiac output. In general, patients should be adminis-

tered 20 to 40 mL/kg intravenously prior to anesthetic induction.
An exception is when patients are severely anemic or hypopro-
teinemic, have poor myocardial contractility, or have advanced
valvular heart disease. Patients in hypovolemic shock can be
given up to 1 blood volume (60 to 90 mL/kg) of isotonic elec-
trolyte solution in the first hour. Many more animals have expe-
rienced problems after anesthetic drug injection, when compen-
satory mechanisms failed and underlying hypovolemia was
unmasked, than have developed problems when crystalloid fluids
were administered unnecessarily at these rates.36 During anesthe-
sia, hypotension caused by volume depletion often responds to
replacement of one-quarter of the blood volume in 15 min as an
intravenous fluid challenge. Replacement solutions should be
isotonic, but not all isotonic solutions are optimal. Although 5%
dextrose in water and lactated Ringer’s with 2.5% dextrose are
isotonic, once glucose is metabolized the remaining fluid is hy-
potonic and contains either all (5% dextrose) or half (2.5% dex-
trose) free water, which rapidly leaves the vascular compartment
and may contribute to microvascular edema.17 In general, even
optimal isotonic physiological salt solutions remain in the in-
travascular space for only 30 to 60 min before redistributing
throughout the entire extracellular space.58

Plasma expanders such as colloid solutions maintain intravas-
cular volume for 2 to 5 h, but may have associated complications
(Table 46.3). Dextran solutions can cause bleeding disorders and
allergic reactions, and must be stored at stable temperatures
(25°C) to prevent precipitate formation.59,60 Protein solutions
can impair pulmonary function if they extravasate into damaged
lung.61 Hydroxyethyl starch (6% solution in 0.9% sodium chlo-
ride) is a glucose polymer that has proven useful as a volume ex-
pander when the dose is limited to less than 20 mL/kg in dogs
and 12 to 15 mL/kg in cats.62 Because colloid solutions can be
hypertonic, they must be administered slowly to avoid rapid fluid
shifts and volume overload.16

When extreme blood loss occurs, red cells must eventually be
infused. Fresh whole blood (less than 6 h old) is preferable. After
1 day of storage, only 12% of the original platelets remain in
human whole blood. Similar reductions may occur in stored
blood of domestic animals. Regardless of its age, whole blood is
preferred over packed red blood cells.1 Fresh-frozen plasma
should be reserved for specific coagulation disorders.63 In acute
trauma, the large majority of clotting disorders are secondary to
large-volume fluid replacement that causes dilutional thrombo-
cytopenia. If possible, surgery and anesthesia should be delayed
until the PCV can be increased to above 20% and platelet abnor-
malities addressed. When ongoing losses and replacement occur
simultaneously, the best method of assessing adequate blood vol-
ume replacement is to assess urine output (1 to 2 mL · kg�1 · h�1

is optimal), serial hematocrits, and total protein. Some questions
remain with regard to optimum fluid management of severely
traumatized patients in the perioperative period, including (a) the
best methods of using non-erythrocyte-containing fluids in
trauma resuscitation, (b) feasibility of systemic oxygen delivery
(DO2) and consumption-oriented resuscitation in high-risk surgi-
cal patients, and (c) the effects of fluid therapy on cerebral hemo-
dynamics.64
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With regard to nonblood fluid resuscitation, if membrane per-
meability is normal, fluids containing colloids (albumin, dextran,
and hydroxyethyl starch) expand plasma volume (PV) rather than
interstitial fluid volume (IFV) or intracellular volume (ICV).
Each gram of intravascular colloid can draw and hold approxi-
mately 20 mL of water (e.g., 16 to 17 mL of water per gram of
hydroxyethyl starch) in the vascular space. To estimate the ef-
fects of fluid infusion on PV, the following formula can be used:
PV = volume infused � (PV/Vd), where Vd = distribution vol-
ume. In mature animals, total body water accounts for 60% of the
total body weight. The ICV is 40%, the extracellular volume
(ECV) is 20%, the IFV is 16%, and the PV is 4% of total body
weight. If an acute blood loss of 500 mL is to be replaced using
the preceding formula and 5% dextrose, which contains no
sodium, the remaining water after glucose metabolism, distrib-
utes throughout the total body water. For a 70-kg dog where
plasma volume of 500 mL is to be replaced, the volume of 5%
dextrose infused is 500 mL = volume infused � (3 L/42 L), or
approximately 7 L. In contrast, 500 mL of blood loss can be re-
placed with lactated Ringer’s solution (LRS), for which the Vd is
equal to the ECV or only 20% of the body weight (3 L/14 L) with
just 2.3 L of LRS. If hyperosmotic fluids such as hypertonic
saline (HS) are used, blood volume increases primarily by en-
dogenous fluid PV expansion. These fluids come from the IFV
initially and are transient in their duration of effect on PV. The
immediate effect of 7.5% HS is to increase plasma volume by 2
to 4 mL for each milliliter infused. Thus, 500 mL of PV may be
replaced with only 150 to 200 mL of HS. However, following
equilibration, 7.5% saline increases PV by only approximately
1.0 mL for each milliliter infused. Small volumes of hyperos-
motic solutions transiently restore hemodynamic function during
shock, but because improved PV and flow decrease rather rapidly
following resuscitation with hypertonic fluids, ongoing attention
to maintenance of intravascular volume is necessary.64 To pro-
long the initial improvement seen with hyperosmotic solutions
beyond 30 to 60 min, continued infusion with a hypertonic solu-
tion, blood (if PCV is below 20%), or conventional fluids, or the
addition of colloids, should be considered. One suggested proto-
col for volume resuscitation combines bolusing a synthetic col-
loid solution (1 to 5 mL/kg) with a replacement crystalloid solu-
tion (15 mL/kg). The dose of colloid solution should not exceed
20 mL/kg in dogs and 12 to 15 mL/kg in cats within the first 24
h. Rapid fluid loading is often associated with dilutional throm-
bocytopenia, hypoglycemia, and/or hypokalemia, and fluids
should be supplemented to maintain serum levels within normal
ranges.5

Studies in dogs have documented that HS may have a negative
inotropic effect, whereas hyperosmotic dextrose produces a pos-
itive inotropic action.65 Rapid (<30 s) administration of 2 to 4
mL of HS is also associated with an acute transient period of hy-
potension.65 Infusion over a 3- to 4-min period will diminish this
initial response. HS likely exerts its beneficial effect in treating
hemorrhagic or endotoxic shock by rapidly increasing preload,
whereas hyperosmotic dextrose solutions exert their beneficial
effects by transiently increasing both preload and contractility.65

In high-risk traumatized patients who survive, it has been doc-

umented that average blood flow and DO2 are greater than in
those patients that did not survive.66 Survival is correlated with a
DO2 that is at least 600 mL O2 · min�1 · m�2 (Table 46.1). When
DO2 is maintained at this level, complications are also reduced.
To implement DO2 goal-oriented fluid resuscitation, cardiac out-
put, hemoglobin content, and oxygen-hemoglobin saturation
must be continually monitored. In many traumatized patients,
improvement of overall systemic DO2 may be less critical than
the immediate restoration of adequate oxygen delivery to se-
lected vital organ systems.

With respect to the effects of fluid therapy on cerebral hemo-
dynamics, it appears that, in some subsets of traumatized patients
(severe head injury), initial fluid therapy with 7.5% saline in 6%
dextran improves patient survival (32%) when compared with
those treated with conventional LRS (16%).64 Concerns over ad-
verse neurological sequelae with hypertonic solutions have not
proven valid, with the exception of hyperosmotic resuscitation in
canine experimental models of uncontrolled hemorrhage where
hyperosmotic solutions actually increase bleeding tendency.67

Commonly, trauma cases will present with nonrespiratory aci-
dosis caused by shock and generalized stress. Ventilation of the
lungs to induce a mild respiratory alkalosis will help normalize
blood pH for the short term. With time, improved tissue perfu-
sion and renal and hepatic function should resolve the problem.
Treatment of metabolic acidosis with bicarbonate or other buffers
should be carefully considered. More important measures in
treating metabolic acidosis are fluid resuscitation, adequate ven-
tilation, and rewarming. It is possible for patients with normal
liver function to develop metabolic alkalosis 6 to 24 h after large-
volume replacement with LRS.

Inotropic Support
Drugs commonly used to enhance myocardial contractility and
increase cardiac output are listed in Tables 46.4 and 46.5.18

Ephedrine has proven an effective alternative to dopamine or
dobutamine when administered during inhalation anesthesia to
enhance cardiac output.68 A 0.1-mg/kg intravenous dose of
ephedrine transiently increases arterial pressure, cardiac index,
stroke volume, arterial oxygen content (CaO2), and oxygen de-
livery in dogs anesthetized with isoflurane (1.5 MAC). A intra-
venous dose of 0.25 mg/kg causes a greater and prolonged in-
crease in arterial pressure while actually decreasing heart rate.68

This presumably results from a reflex bradycardia associated
with an acute increase in arterial pressure. The higher dose of
ephedrine also increases hemoglobin concentration and CaO2,
resulting in a 20% to 35% increase in oxygen delivery for at least
1 h. Increased hemoglobin concentration likely results from con-
traction of the spleen and increased circulating red blood cells.
Splenic contraction results from either ephedrine’s direct �-
agonist effects or enhanced norepinephrine release. Because
ephedrine can be administered as a convenient intravenous bolus
with an onset of less than a minute, it is a useful for inotropic
support of anesthetized patients. Dopamine and dobutamine have
short half-lives and require constant infusion (Table 46.5). Close
monitoring for development of arrhythmias is necessary, and,
with dopamine, to avoid intense � receptor–mediated vasocon-
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striction. In refractive cases, inotropic doses of dopamine and
dobutamine may be supplemented with the coadministration of
ephedrine to reduce vascular compliance and improve preload
and stroke volume.69

In septic shock, vasopressin has been used for unresponsive
hypotension. During anesthesia, vasopressin has also been used
to support blood pressure. It is a peptide hormone stored in the
posterior pituitary and synthesized in the supraoptic and periven-
tricular nuclei of the hypothalamus. The release of vasopressin
can result from an increased plasma osmolarity, decreased blood
volume or pressure, nausea, pain, endotoxemia, cytokines, and
other stimuli. Either low secretion or excessive secretion leading
to depletion causes a deficiency in vasopressin. Vasopressin may
be effective in situations where severe refractory hypotension no
longer responds to adrenergic agonists. Intravenous infusion of
0.25 to 1.0 mU/kg/min increases blood pressure and urine flow
in many patients. Vassopressor therapy has been reviewed else-
where.70

Temperature, Oxygen, and Renal Support
Hypothermia should be treated vigorously because it is associ-
ated with reduced kidney function, poor platelet function, im-
paired glucose utilization, shivering and increased oxygen con-
sumption by nonvital tissues, and decreased metabolism of
anesthetics.1 Bradyarrhythmias that do not respond to anticholin-
ergics and spontaneous fibrillation may occur in hypothermic pa-
tients. Warming fluids and blood before administration helps
maintain body temperature, reduces blood viscosity, and im-
proves tissue blood flow. Warm-water blankets and heat lamps
may help prevent further heat loss, but may not effectively re-
warm patients because of inadequate body-surface-area contact
and poor skin blood flow. Forced-air blankets will increase body
temperature, but slowly. Maintenance of body temperature and
rewarming may be easier when animals are anesthetized, because
of high skin blood flow following inhibition of vasomotor con-
trol by anesthetics. Intense vasoconstriction after recovery from
anesthesia may slow surface-rewarming efforts.

To prevent acute oliguric renal failure in severely traumatized
patients, every effort should be made to maintain normal renal
function. Unfortunately, there is no way to predict the degree of
hypoperfusion that will result in renal failure in a given patient.
Myoglobinemia must be treated by vigorous diuresis after mus-
cle damage or electrocution. Once fluid volume and blood pres-
sure have been normalized, furosemide (1 mg/kg) and dopamine
(2 to 5 µg/kg/min) have been used together to increase renal
blood flow and water and solute excretion, but renal therapy
strategy remains somewhat controversial. Maintaining a func-
tional renal system is essential for a favorable outcome following
massive tissue damage.1

Questions regarding perioperative renal function and renal
physiology in critically ill patients remain.71 It is common for se-
verely traumatized, critically ill patients to produce inadequate
urine output. These patients are often given a “renal dose” of
dopamine in an attempt to improve urine production and prevent
oliguria. Dopaminergic receptors (DA1 and DA2) increase
glomerular filtration rate (GFR) and inhibit proximal tubular re-

absorption of sodium. This combination of effects increases
sodium excretion in euvolemic patients, but this action is dimin-
ished with prolonged infusion. Furthermore, in critically ill
patients, dopamine’s natriuretic action is not always apparent, be-
cause antinatriuretic factors (antidiuretic hormone and aldos-
terone) may be elevated to induce sodium conservation. With
lower-than-normal levels of GFR, low doses of dopamine be-
come less effective. This lack of response may be caused by ex-
haustion of the renal reserve system, where low renal blood flow
may have already caused a shift of blood flow to the inner cortex
in an adaptive response to loss of nephron renal function. Hence,
dopamine’s actions produce little additional urine. Despite these
problems, dopamine can increase urine output in oliguric patients
and in patients that are adequately hydrated. Several studies have
also shown that dopamine improves urine output in patients that
have not responded to fluid expansion or furosemide alone. By
increasing renal flow, dopamine may improve delivery of
furosemide to its site of action in the nephron.71

It is unclear whether dopamine is advantageous in the treat-
ment of oliguric renal failure. Dopamine appears to be no better
than saline in protecting renal function. In fact, dopamine-
induced natriuresis may cause intravascular volume depletion,
making the kidney even more susceptible to ongoing ischemic
injury. Questions remain as to the clinical implication of increas-
ing renal perfusion when there is decreased systemic blood vol-
ume. The routine administration of dopamine in severely trauma-
tized patients should be carefully considered in the perioperative
period.71

Urine flow, regardless of the quantity, indicates there is blood
flow to the kidney, because, without it, urine production would
cease. Numerous studies have shown, however, that there is no
correlation between the urine volume produced and histological
evidence of acute tubular necrosis, GFR, creatinine clearance,
blood urea nitrogen levels, and creatinine levels in burn patients,
trauma patients, or shock states.71,72 The control of blood flow to
the kidney, the fraction filtered, and the volume returned to the
systemic circulation are all regulated by a variety of mechanisms
in an attempt to preserve filtration function during compromised
circulation. These compensatory mechanisms have limits, and
excessive vasoconstriction may eventually decrease filtration.
This shift from compensation to decompensation may be pre-
vented or exacerbated by pharmacological manipulations. The
cortical-to-medullary redistribution of renal blood flow is de-
signed to protect vulnerable medullary oxygen supply and de-
mand balance at the expense of urine formation. Reduced GFR
may reduce medullary tubular workload and oxygen consump-
tion. Oliguria may be viewed in some circumstances (e.g., anes-
thesia) as a sign of normal protective compensatory mechanisms
at work. Thus, an acute reduction in urine output could be either
the result of acute renal failure or the consequence of normal
compensatory mechanisms induced to prevent oliguria.71

Traditionally, inadequate urine production or oliguria has been
defined as a urine output of less than 0.5 mL · kg�1 · h�1.
Oliguria may, however, reflect a variety of factors independent of
inadequate glomerular filtration. Thus, normal hourly urine out-
put does not rule out impending renal failure any more than
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lower-than-normal hourly urine output predicts renal failure.
Reduced urine output during the anesthetic period in euvolemic
patients is usually of little consequence to long-term renal func-
tion. It is more likely to be the result of compensatory renal
mechanisms than a consequence of acute tubular damage or
necrosis.71

Recovery
In postoperative patients, bowel and bladder function, pulmonary
function, and skin integrity should be addressed. Patients that
cannot turn themselves should be turned every 2 to 4 h. Bandages
should be kept clean and dry; dried blood and soap should be re-
moved. Eyes should be lubricated. Oxygen should be supple-
mented as needed. The environment should be quiet. Patients that
are hospitalized for extended periods have special needs for ap-
propriate social interaction.
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Introduction
In the practice of veterinary anesthesia, neonatal and geriatric an-
imals are a significant proportion of the patient population.
Attention to the unique physiology and particular requirements
of individuals within either of these age groups will contribute to
the provision of safe, effective anesthesia and analgesia.

Physiology of Neonatal and Pediatric
Animals
Neonatal and pediatric veterinary patients may be presented for
either elective or emergency anesthesia. Much of our knowledge
of the delivery of anesthesia to neonatal animals is based on our
experience with young to middle-aged animals or is extrapolated
from information obtained from human neonates.

Although the process of maturation and aging varies greatly
between individual animals, species, and breeds, the neonatal
and pediatric phases of life can be roughly defined. In dogs and
cats, the neonatal period extends for the first 6 weeks of life and
the pediatric period for the first 12 weeks.1–3 Foals and calves are
generally considered to be physiologically mature by 4 to 6
weeks of age.4

Compared with young and middle-aged adults, neonatal and
pediatric patients have a limited organ reserve, a decreased abil-
ity to respond to a physiological challenge or change, and in-
creased “sensitivity” to anesthetic drugs that is manifest as exag-
gerated or prolonged effects after the administration of drug
dosages that are appropriate for young adults. This results in an
increased risk of perianesthetic complications in neonates, neces-
sitating judicious administration of anesthetics and vigilant
monitoring.

The unique physiology of neonates results in differences in
pharmacokinetics and pharmacodynamics that contribute to al-
tered sensitivity to drugs. These differences include the following:

1. Hypoalbuminemia, which results in a greater free, active
portion of protein-bound drugs. This may have a profound im-
pact on the activity of highly protein-bound drugs like bar-
biturates, ketamine, etomidate, and the nonsteroidal anti-
inflammatory drugs (NSAIDs).

2. Increased permeability of the neonatal blood-brain barrier,
which enables a larger percentage of drug to reach the brain.

3. An increased percentage of body-water content, which al-
ters the volume of distribution. In foals, extracellular fluid vol-
ume is 43% of body weight, compared with 22% body weight in
adult horses.5 The larger extracellular fluid volume results in a
greater apparent volume of distribution of drugs that are highly
ionized in plasma or relatively polar (e.g., NSAIDs).

4. A circulating fluid volume that is fixed and relatively cen-
tralized, making the neonatal patient more susceptible to hypo-
volemia. This reduced circulating volume also allows for greater
delivery of anesthetic agents to the highly perfused tissues, in-
cluding the brain.

5. Low body-fat percentage, resulting in a smaller adipose tis-
sue compartment for drug redistribution.6 In foals, for example,
total body fat is 2% to 3%, compared with 5% in adult horses.7

6. Immature hepatic metabolism for the first 3 to 4 weeks (per-
haps up to 12 weeks) of life.8–10 Drug metabolism may be pro-
longed, extending the duration of effect of drugs or their active
metabolites.

7. Immature glomerular filtration rate (GFR). In small ani-
mals, GFR does not mature until 2 to 3 weeks of age. Tubular se-
cretion does not mature until 4 to 8 weeks of age.8,11,12 As a re-
sult of this immaturity in renal function, the effects of drugs
dependent on renal excretion for termination of activity are pro-
longed. For example, the half-life of diazepam is increased in
neonates due to decreased renal excretion.9 Although the kidneys
mature more rapidly in foals and calves (the GFR is mature by 2
to 4 days of life and tubular secretion by 2 weeks of life),4,8 im-
mature renal function may be prolonged in unhealthy animals.

8. A high metabolic rate with a concomitant higher rate of oxy-
gen consumption. This necessitates a need for a rate of alveolar
ventilation that is much greater than that of adults. Because of
this increase in alveolar ventilation, anesthetic induction with in-
halant anesthetics may occur more rapidly.

In addition to physiological differences that result in alterations
in the pharmacokinetics and pharmacodynamics of anesthetics,
neonatal physiology alone can contribute to increased anesthetic
risk (Table 47.1). These physiological differences include:
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1. Compared with the adult heart, the neonatal heart has less
contractile tissue per gram of myocardial tissue, and ventricular
compliance is limited.13 Stroke volume and cardiac reserve are
limited in pediatric patients, and cardiac output is dependent on
heart rate. Furthermore, the resting cardiac index is much higher
in neonates than adults and is very close to maximal cardiac out-
put, making the cardiac reserve minimal. An adult can increase
cardiac output by 300%, whereas the neonate can only increase
output by 30%.14

2. The sympathetic nervous system is not fully developed in
neonates, and sympathetic stimulation results in only minimal in-
creases in rate and contractility, further impairing the ability to
increase cardiac output.12 Sympathetic immaturity also manifests
itself in poor vasomotor control and an incomplete or inadequate
hypotension-induced baroresponse.

3. Fetal circulation may persist in some patients. For example,
normal healthy foals have a right-to-left shunt for the first 3 days,
and the duration of the shunt is often extended in unhealthy
foals.15

4. In the first 1 to 3 days (foals and calves) or 1 to 2 weeks of
life (puppies and kittens), neonatal kidneys may be less efficient
than adult kidneys at eliminating fluid loads and regulating elec-
trolytes, so judicious use of appropriate intravenous fluids is nec-
essary.6,8 Rapid or excessive fluid administration may result in
pulmonary edema.

5. Pulmonary reserve is minimal, increasing the possibility of
hypoxia during apnea or airway obstruction. The neonatal rib
cage is compliant, resulting in less efficient ventilation and
greater work of breathing. This predisposes young patients to hy-
poxia and ventilatory fatigue, especially in the event of airway

obstruction (e.g., endotracheal tube plugged with mucus) or res-
piratory disease.

6. Minute ventilation is high in neonates, raising the alveolar
ventilation to a functional residual capacity ratio above that of
adults. Closing volume is high in the neonate and occurs within
the lower range of the tidal volume.

7. In small animals, the hematocrit decreases by more than a
third in the first 28 days of life;16,17 thus, even minor hemorrhage
can greatly affect oxygen delivery to tissues.

8. Neonates are more susceptible to hypothermia because of
their immature thermoregulatory system, high body surface to
mass ratio, and limited ability to vasoconstrict to conserve heat.

Physiology of Geriatric Animals
The effect of age per se on perioperative morbidity and mortality
is related to the decreased physiological reserve of the various
organ systems that occur with aging. Aging is a progressive phys-
iological process that results in unavoidable alterations in organ
system function. Within organ systems, reductions in functional
reserve manifest as a decreased capacity for adaptation, a predis-
position to the failure of homeostasis, and a reduced ability to re-
spond to external stress. The effects of disease, stress, lack of ex-
ercise, genetics, malnutrition, and environment may hasten
changes associated with aging. The time course of the aging
process varies between organ systems within the same individual
and between individuals. Assessment of the influence of aging on
anatomical and physiological function in animals is further com-
plicated by the marked variations in life span and life expectancy
within and between species. There is little correlation between
chronological and physiological age. For the purposes of this dis-
cussion, geriatric animals are considered to be those that have at-
tained 75% of their expected life span.18

Pathophysiological changes associated with aging in organ
systems influence anesthetic management (Table 47.2). Cardio-
vascular changes are multifactorial, reflecting not only age-re-
lated degeneration but also age-related disease. In the absence of
a particular cardiovascular disease, the major anatomical changes
in aging hearts are primarily an increase in the severity of my-
ocardial fibrosis, valvular fibrocalcification, and ventricular wall
thickening. Variable degrees of myocardial fiber atrophy result in
decreased pump function and cardiac output. The heart rate may
be affected if the pacemaker cells are involved. Fibrosis of the
endocardium and valves leads to decreased compliance. Valvular
incompetence may accompany valvular fibrocalcification. The
vascular tree gradually loses elasticity, resulting in a decrease in
distensibility, increased resistance to left ventricular output, and
progressive hypertrophy of the ventricle. As ventricular hypertro-
phy and decreased chamber elasticity progress, the aging heart is
more dependent on atrial contraction for diastolic ventricular fill-
ing. Thus, the atrial kick and normal sinus rhythm become more
important in the maintenance of appropriate cardiac output.19,20

In geriatric animals, the maximal chronotropic response during
physiological stress decreases. In addition, despite higher endoge-
nous levels of norepinephrine, the response to stress is decreased.
This appears to be due to receptor attrition and reduced affinity for
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Table 47.1. Physiological characteristics of neonates.

Cardiovascular system
Low myocardial contractile mass
Low ventricular compliance
High cardiac index
Low cardiac reserve
Cardiac output rate dependent
Poor vasomotor control
Respiratory system
High oxygen consumption
High minute volume
Nervous system
Immature sympathetic nervous system
Poor vasomotor control
Renal and hepatic systems
Immature hepatic microsomal enzyme system
Immature renal function
Body composition 
Limited thermoregulation
Low body fat and muscle mass
Low protein binding of drugs
High body-water content
Large extracellular fluid compartment



agonist molecules. Whereas young adults increase cardiac output
primarily through increased heart rate, geriatric animals increase
cardiac output by increasing stroke volume in association with an
increase in end-diastolic volume. Thus, geriatric animals depend
more on preload than do younger animals and are not as tolerant
of volume depletion in the perianesthetic period. This said, fit in-
dividuals maintain high levels of cardiac output and oxygen con-
sumption, and reductions in cardiac index occur in direct propor-
tion to reductions in skeletal muscle mass and metabolic rate
associated with reductions in lean-tissue mass.19–21

Pulmonary changes associated with aging include a decrease
in ventilatory volumes and a reduction in the efficiency of gas ex-
change. Vital capacity, total lung capacity, and maximum breath-
ing capacity decrease as the intercostal and diaphragmatic mus-
cle masses reduce and the thorax becomes more rigid and less
compliant. Functional alveoli and elasticity progressively de-
crease. As pulmonary elasticity decreases as result of decreases
in lung elastin, the ratio of residual volume and of functional
residual capacity to total lung capacity increase. Closing volume
is increased, resulting in air trapping and an increase in ventila-
tion-perfusion mismatch. As a result, PaO2 decreases with age.22

In the central nervous system, aging is associated with a reduc-
tion in brain size that occurs with the loss of neurons. Cerebro-

spinal fluid volume increases to maintain normal intracranial
pressure. Despite this loss in brain tissue, functional and anatom-
ical redundancy within the nervous system provides for the main-
tenance of functioning at levels that approximate those observed
at somatic maturity. With the loss of brain tissue, cerebral blood
flow decreases, but cerebral autoregulation of blood flow is well
maintained. In addition to the loss of functional neurons in aging
individuals, generalized depletions of dopamine, norepinephrine,
tyrosine, and serotonin occur. Receptor affinity for neurotrans-
mitters may be reduced. Compared with the neuronal plasticity
observed in the young, this process is slower and less complete
in geriatric individuals. As a result of these functional and ana-
tomical changes in the central nervous system, geriatric individ-
uals have a decreased requirement for anesthetic agents. The
minimum alveolar concentration for inhalant anesthetics de-
creases linearly with age, and the requirement for local anesthet-
ics, opioids, barbiturates, benzodiazepines, and other intravenous
drugs is likely similarly reduced.19,23,24

With aging, there is a primary loss of cortical kidney mass and
functional nephron units. Total renal blood flow decreases with
age, with the majority of the loss occurring in the renal cortex. In
humans, one-half of the glomeruli present in the young adult at-
rophy or are nonfunctional by the age of 80. Glomerular filtration
rate decreases, partly in response to a reduction in renal plasma
flow. Geriatric individuals are less responsive to antidiuretic hor-
mone and have an impaired ability to conserve sodium or con-
centrate urine. A reduction in renal blood flow makes the geri-
atric animal more susceptible to renal failure in the face of renal
ischemia. Since geriatric patients cannot maximally retain
sodium or water under conditions of volume depletion, the abil-
ity to correct fluid, electrolyte, and acid-base disturbances or to
tolerate hemodynamic insults is reduced. Because geriatric pa-
tients have difficulty excreting a salt-and-water load, vigorous
fluid and electrolyte therapy may result in excessive intravascu-
lar and extravascular volume, with the possible sequelae of con-
gestive heart failure and peripheral edema. Those anesthetic
drugs eliminated primarily by renal excretion have a greater
elimination half-time in geriatric animals, necessitating a reduc-
tion in doses when these drugs are administered.25,26

Hepatic clearance of drugs decreases with age as the mass of
the liver decreases. In geriatric people, the liver mass, and conse-
quently hepatic blood flow, may be decreased by 40% to 50%.
Microsomal and nonmicrosomal enzyme function appears to be
well maintained, although the reduction in hepatic mass signi-
ficantly impairs overall hepatic function. Consequently, the
metabolism of lipid-soluble drugs, particularly anesthetics, is de-
creased. Combined with decreased glomerular filtration and
renal excretory capacity, the reduction in hepatic clearance of
drugs results in an increase in the half-life and duration of effect
of drugs that depend on these routes of elimination.19,25–27

Aging results in changes in body composition that include a
decrease in skeletal muscle, an increase in body fat as a percent-
age of total body weight, and a loss of intracellular water. A loss
in total body water occurs as a result of decreased intracellular
water and a reduction in plasma volume, although fit geriatric in-
dividuals maintain plasma volume well. Intravenous injection of
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Table 47.2. Changes in the anatomy and function of major organ
systems in geriatric animals.

Cardiovascular system
Decreased arterial compliance
Decreased myocardial compliance
Decreased maximal heart rate
Decreased maximal cardiac output
Blunted ß-receptor responsiveness
Pulmonary system
Reduced gas-exchange efficiency
Reduced vital capacity
Increased work of breathing
Decreased thoracic compliance
Decreased lung elasticity
Increased degree of airway closure
Nervous system
Increased sympathetic nervous system activity
Downregulation of ß receptors
Decreased parasympathetic nervous system activity
Reduced central neurotransmitter activity
Increased sympathetic nervous system outflow
Renal and hepatic systems
Decreased drug clearance
Decreased glomerular filtration rate
Difficulty handling water-and-salt loads

Decreased urine concentrating ability and decreased ability to 
conserve sodium

Decreased perfusion and system blood flow
Decreased tissue mass
Body composition
Decreased skeletal muscle mass
Increased lipid fraction



anesthetic drugs into a contracted volume of distribution results
in an increased plasma concentration that may be responsible for
the observation that geriatric animals are more sensitive to anes-
thetics. Increased adipose tissue is associated with an increase in
the fraction of a single dose of a lipid-soluble drug redistributed
to adipose tissue, further delaying elimination from the body.

Reductions in serum albumin concentrations in association
with aging can lead to reduced protein binding of drugs. In addi-
tion, structural changes in the serum protein that occur with aging
may decrease binding to the available protein. Theoretically, the
administration of highly protein-bound drugs to animals with re-
duced serum proteins may lead to an exaggerated clinical effect.28

A decrease in basal resting metabolic rate with age results in a
reduction in the production of body heat. Consequently, geriatric
individuals are less able to maintain core body temperature. This
is particularly important in anesthetized animals placed in cold
environments. Anesthetized geriatric animals tend to be more hy-
pothermic than younger animals in the operative and postopera-
tive periods, and rewarming occurs at a slower rate. Because
shivering during recovery increases oxygen consumption by
200% to 300%, perianesthetic hypothermia alone may place se-
vere demands on the cardiopulmonary system. If these demands
are not met, arterial hypoxemia may ensue.19

Anesthesia
Preparation for Anesthesia
A thorough physical examination, including careful auscultation
of the heart, is an essential component of preanesthetic assess-
ment. In geriatric people, exercise tolerance is one of the most
important predictors of perioperative outcome, and this is likely
an important predictor of outcome in the anesthesia of geriatric
animals. Significant, preexisting abnormalities should be cor-
rected prior to the induction of anesthesia. Left untreated, these
abnormalities are likely to be exacerbated by anesthesia. Neo-
natal, pediatric, or geriatric animals with limited physiological
reserves are less able to respond to altered homeostasis. Hydra-
tion status should be assessed and fluid requirements carefully
calculated. Fluid deficits should be corrected prior to anesthesia.

In neonates, standard preanesthetic blood work should include
a minimum of hematocrit, total and fractionated protein, and
blood glucose. Other blood work should be performed as indi-
cated. In geriatrics, the preanesthetic assessment should include
a complete blood count, serum chemistry profile, electrocardio-
gram, and urinalysis.

Neonates that are still suckling should not be held off food
prior to anesthesia. Pediatric animals that are eating solid food
should be denied food for only 3 to 4 h prior to anesthesia and
should not be denied water at any time.

Premedication and Pain Management
Because of the immaturity of the neonatal nervous system, it has
been a commonly held thesis that neonates are incapable of ex-
periencing pain. However, we now know that neonatal humans
and animals do indeed experience pain.29,30 In addition, evidence
suggests that pain experienced at an extremely young age may

lead to dynamic changes in the nociceptive pathway, resulting in
chronic pain conditions later in life.31 Like many pathologies,
pain is easier to prevent than to treat. Regardless of age, every pa-
tient anesthetized for a painful procedure should receive appro-
priate analgesic therapy. As with other drugs, dosages of the anal-
gesic drugs should be conservative, and patients should be
closely monitored for signs of adverse side effects. Opioids are
potent analgesics whose effects are reversible, making them an
excellent choice for analgesia in neonates with immature metab-
olism or geriatrics with reduced hepatic function. The addition of
local anesthetic techniques to anesthetic protocols for neonatal or
geriatric animals is particularly appropriate. The inclusion of
such techniques provides for additional analgesia and an associ-
ated reduction in the requirement for general anesthetics that
may have more profound side effects. NSAIDs may be an option
in older pediatric patients, but this class of drugs should be re-
served for patients with mature, competent renal function.

The routine use of anticholinergics is not necessary, but, be-
cause neonates depend on adequate heart rate for maintenance of
cardiac output, anticholinergics may be used to treat sinus brady-
cardia. Anticholinergics should also be considered in breeds with
high vagal tone (e.g., brachycephalic breeds) and for surgical
procedures that are likely to stimulate a vagal reflex (e.g., many
ocular procedures). Geriatric animals may be less able to com-
pensate for a slow heart rate than younger adult animals.

Sedation may not be necessary in quiet or debilitated patients.
However, sedatives alleviate stress in anxious patients and de-
crease the dosage of drugs needed for induction and maintenance
of anesthesia. The side effects of sedatives should be weighed
against the side effects of having to use a larger dose of anesthetic
drug. The opioids often provide adequate sedation and have the
added advantage of providing analgesia. µ-Agonist opioids such
as morphine, hydromorphone, and oxymorphone provide the
most profound analgesia but also may cause greater cardiovascu-
lar and respiratory depression.32 Partial agonists (buprenorphine)
and agonist-antagonists (butorphanol) provide only mild to mod-
erate analgesia but also cause minimal cardiovascular and respira-
tory depression. Selection of an appropriate opioid is best made
based on the particular analgesic requirements and the health sta-
tus of the patient and the intended procedure.

Benzodiazepines are also useful sedatives/anxiolytics in
neonatal or geriatric animals. Although they do not provide anal-
gesia, they are reversible and produce little to no cardiovascular
and respiratory depression. Benzodiazepines do not provide con-
sistent or deep sedation and may need to be combined with other
sedatives in very active or anxious neonatal or geriatric animals.
The judicious use of low doses of �2-adrenergic agonists may
also be considered for use in neonatal or geriatric animals.
However, drugs in this class produce profound cardiovascular
side effects (bradycardia, atrioventricular conduction block, and
increased peripheral vascular resistance), and their use in either
neonatal or geriatric animals should be confined to those cases
where the benefit of their use outweighs the negative side effects
associated with their administration. Low dosages of xylazine
have been shown to be safe and effective in foals as young as 10
days of age.33 Acepromazine may also be used for sedation of
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neonates or geriatrics, but the cardiovascular effects, including
hypotension, may be poorly tolerated in both geriatric and neona-
tal animals. The vasodilation caused by acepromazine can also
contribute to the development of hypothermia. Acepromazine is
not reversible and alone does not provide analgesia.

Induction
Anesthesia can be induced by using a variety of injectable anes-
thetic drugs or by mask delivery of inhaled anesthetics, when nec-
essary. Etomidate or propofol may be excellent choices in
neonates and geriatrics. Both agents are rapidly eliminated from
the body by a variety of routes so that termination of activity does
not depend on the functioning of a single organ system.34 Propofol
does produce respiratory and cardiovascular depression and
should be titrated to achieve the desired depth of anesthesia. The
administration of oxygen by face mask for approximately 5 min
prior to the induction of anesthesia with propofol will reduce the
risk of complications associated with propofol-induced apnea in
either neonatal or geriatric animals. Preinduction sedation of ani-
mals, particularly with a sedative/analgesic drug, will reduce the
dose of etomidate or propofol needed for induction. Ketamine, in
combination with a benzodiazepine, is also a choice for the induc-
tion of anesthesia in either neonates or geriatric animals. Ketamine
causes only mild respiratory depression and may actually improve
cardiovascular function through stimulation of the sympathetic
nervous system.35 Although of benefit to geriatric animals, this re-
sponse may be less in neonates because of their immature sympa-
thetic nervous system. Ketamine requires either hepatic metabo-
lism or renal clearance for termination of activity; thus, the effects
of ketamine may be prolonged in patients with either immature or
failing hepatic and renal systems.35 Barbiturates may be used in
low dosages for the induction of anesthesia in neonatal, pediatric,
or geriatric animals, keeping in mind that drugs of this class are
highly protein bound, and their termination of activity depends on
both redistribution and hepatic metabolism. The response to bar-
biturates can be both pronounced and prolonged in either neonates
or geriatrics with reduced plasma protein concentrations and/or
immature or failing hepatic or renal function.

Inhaled anesthetics may be used for induction, as well as
maintenance of anesthesia. This method is recommended only in
sedated or debilitated patients because the prolonged excitement
phase that occurs during induction can be more physiologically
detrimental than a judicious dose of an injectable anesthetic.
Environmental pollution and personnel exposure are also con-
cerns during mask inductions with inhaled anesthetics. Induction
in foals and calves with an inhaled anesthetic following nasotra-
cheal intubation often results in rapid, excitement-free anesthesia
simply because bypassing the nasal passages eliminates the abil-
ity to smell anesthetic gas.36,37 Because anesthesia can be in-
duced with an inhaled anesthetic very rapidly in depressed
neonatal and geriatric animals, excessive anesthetic depth may be
reached very rapidly. Careful monitoring is a must.

Maintenance
Inhaled anesthetics that are minimally metabolized and easily
cleared in animals with either immature or reduced hepatic or

renal function should be used for maintenance of anesthesia.
However, it should be remembered that inhaled anesthetics cause
dose-dependent hypotension, hypoventilation, impaired cardiac
contractility, and hypothermia. Because of these side effects, in-
haled anesthetics must be very carefully titrated, and vigilant
monitoring should be employed to avoid excessive anesthetic
depth. The concurrent administration of analgesics and sedatives
will reduce the inhaled anesthetic requirement while decreasing
the magnitude of their unwanted side effects.

Support
Along with a carefully chosen anesthetic protocol and conserva-
tive drug dosing, meticulous physiological support and vigilant
monitoring are imperative during the anesthesia of neonatal, pe-
diatric, or geriatric animals. Compared with adults, fluid require-
ments are greater in neonates (60 to 180 mL/kg/day)38 because
of their higher body-surface area, immature renal function (de-
creased ability to concentrate urine), higher percentage of body
water, and higher respiratory rates leading to greater fluid
losses.9 Conversely, overhydration should be avoided, because
renal clearance may be limited and excessive dilution of serum
protein can occur more readily in animals with preexisting hy-
poalbuminemia. Neonates have minimal stores of hepatic glyco-
gen and are prone to hypoglycemia, so the use of dextrose-
containing fluids should be considered.

In geriatric patients that have difficulty excreting a salt-and-
water load, aggressive fluid and electrolyte therapy may result in
excessive intravascular and extravascular volume, with the possi-
ble sequelae of congestive heart failure and peripheral edema.
Thus, fluid therapy in the perianesthetic period of geriatric ani-
mals should be targeted at correcting specific deficits and main-
taining adequate perfusion and oxygen delivery without deliver-
ing excessive electrolyte loads or fluid volumes.

Both neonatal and geriatric animals are highly susceptible to
hypothermia, so every effort should be made to maintain normal
body temperature. Hypothermia increases the incidence of ad-
verse myocardial outcomes in high-risk patients, increases the in-
cidence of surgical wound infection, adversely affects antibody-
and cell-mediated immune defenses, changes the kinetics and ac-
tion of various anesthetic and paralyzing agents, increases ther-
mal discomfort, and is associated with delayed postanesthetic re-
covery.39 The attempt of the body to rewarm itself is not benign,
because shivering may cause a tremendous increase in oxygen
consumption (200% to 300%), and this increased oxygen de-
mand may not be met by an increase in oxygen delivery, partic-
ularly if anesthetic-induced hypoventilation occurs.

Diligent monitoring is crucial during the entire anesthetic pe-
riod and well into recovery. Some commonly monitored indices
are different in neonates than in adults, and anesthetists should be
familiar with the normal physiological indices for each species
and age group of individuals that are being anesthetized. Gen-
erally, neonatal and pediatric animals have a higher heart rate but
lower blood pressure than adults. The normal heart rate in con-
scious neonatal dogs and cats is approximately 200 beats per
minute, and the respiratory rate is approximately 15 to 35 breaths
per minute. Mean arterial blood pressure in 1-month-old puppies
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is only 49 mm Hg.40 The average heart rate in foals 1 to 2 days
of age ranges from 70 to 9041 beats per minute, and the normal
respiratory rate is 30 to 40 breaths per minute.42

Summary of Protocols
Suggested protocols for neonatal animals include an opioid pre-
medicant with an additional sedative or tranquilizer, if required.
Anesthesia can be induced with the intravenous administration of
propofol or ketamine-benzodiazepine combinations. In severely
compromised animals, anesthesia may be induced with an in-
haled anesthetic delivered by face mask.43,44 For neonatal horses
and cattle, suggested protocols include sedation with low-dose
xylazine plus butorphanol followed either by intravenous admin-
istration of propofol or valium-ketamine or by nasal intubation
and subsequent induction with an inhalant anesthesic.4,37 For all
species, anesthesia is maintained with an inhalant and local
blockade employed when possible to augment analgesia.

No one ideal anesthetic protocol exists for all geriatric pa-
tients. An understanding of the pathophysiological changes and
the alterations in pharmacodynamics and pharmacokinetics that
arise in conjunction with aging is necessary when choosing an
anesthetic protocol for any geriatric animal. Particular attention
to decreased dosage requirements and the titration of anesthetics
to achieve the central nervous system depression necessary for a
specific surgical procedure is advocated (Table 47.3). Whenever
possible, local and regional anesthetic techniques should be em-
ployed to reduce the dosage of concomitantly administered in-
haled or injectable anesthetics. Appropriate anesthetic manage-

ment of geriatric animals is centered around thorough evaluation
and assessment; preoperative correction of identified abnormali-
ties; vigilant, aggressive perianesthetic monitoring; careful titra-
tion of anesthetic drugs; and appropriate perianesthetic support.
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slowly when administered intravenously.
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Introduction
Although sedation and local blocks alone have been advocated
by some authors for dental procedures,1 most procedures are best
accomplished under inhalant anesthesia. Quite recently, several
individuals have advocated anesthesia-free teeth cleaning.
Proponents feel that more clients will pursue teeth cleaning if
anesthesia is not used, because of the decreased cost and allevi-
ated fears of anesthetic death or complications.2 Many of the
people performing and teaching these procedures are nonveteri-
narians, and a recent decision in a case brought before the
Veterinary Medical Board in California has ruled that the proce-
dure amounts to “the practice of veterinary medicine without a li-
cense.”3 The American College of Veterinary Dentistry has stated
that thorough oral exams and dental radiographs are not possible
in an unanesthetized patient and are needed to uncover any hid-
den dental disease that may be present.4

General Preparation and Monitoring
As with any anesthetic procedure, appropriate premedications
and induction agents should be selected based on the require-
ments of the individual. An intravenous catheter should be placed
to enable administration of fluids and for emergency access, if
needed. All dental patients should be intubated with a cuffed en-
dotracheal tube immediately after induction to prevent aspiration
of water or cleaning solutions during dental procedures. Gauze
sponges may be inserted in the pharyngeal area to further prevent
aspiration. Packing the pharyngeal area too tightly can impede
venous return and result in swelling of the tongue.5 If pharyngeal
packing is used, a systematic method of ensuring that gauze is re-
moved after the procedure prior to recovery from anesthesia is
necessary. Dentistry in cats has been associated with tracheal
rupture, likely from overinflation of the cuff contributing to tra-
cheal trauma when the patient is turned from side to side to en-
able access to both sides of the mouth.6 In all instances and
species, it is best to disconnect the breathing circuit from the en-
dotracheal tube (after turning off the oxygen flow to minimize
waste gas exposure) before repositioning the patient.

Following induction, heart and respiratory rates are assessed,
and pulse oximetry, capnography, and blood pressure monitoring
should be considered. Because vasodilation during inhalant anes-
thesia can exacerbate heat loss, hypothermia is a real threat to pa-
tients’ overall well-being. Anesthetics further reduce the body’s
ability to respond to hypothermia. If a patient’s attempt to regain
body temperature is accompanied by severe shivering, increases
in both myocardial work and systemic hypoxia are likely and un-
desirable. This may be especially important in geriatric animals
with significant loss in functional cardiopulmonary reserve.
Generally, it is safer to maintain a core body temperature during
anesthesia than to try to regain body heat after anesthesia and
surgery.

Pain Management
A balanced anesthetic plan for dental patients should include pre-
emptive, intraoperative, and postoperative analgesics (Table
48.1). Pain associated with the procedure should be estimated
prior to induction of anesthesia.7 Depending on the degree and
magnitude of oral surgery performed, most pain will occur in the
first 24 to 74 h postoperatively.8 Some residual discomfort might
last longer. Individual patients should be frequently reassessed
and treated, as needed. Behaviors indicative of pain (willingness
to eat and drink, grooming behaviors, and activity level) may be
best observed by the owners in the home environment. Anal-
gesics commonly used in managing pain are the local anesthet-
ics, opioids, �2-agonists and nonsteroidal anti-inflammatory
drugs (NSAIDs). Opioids and �2-agonists can be used in the im-
mediate preoperative and postoperative periods while the patient
is in the hospital. Injectable or oral NSAIDs and longer-acting
opioid preparations may be used during prolonged convalescence
and for take-home medications.

Local and Regional Blocks
Local and regional anesthetic techniques are commonly used in
the analgesic management of dental patients. Infraorbital, maxil-
lary, mental, and mandibular inferior alveolar nerve blocks may
be used before extractions. Caution should be used when block-
ing the inferior alveolar branch of the mandibular nerve, because
inadvertent blocking of the lingual nerve may result in desensiti-
zation of the tongue and potential self-mutilation upon recovery.
The lingual nerve is best avoided by keeping the needle close to
the bone of the ventral mandible when performing the intraoral
approach to the inferior alveolar branch of the mandibular nerve.5
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For analgesia of the maxillary teeth, care should also be taken to
avoid insertion of the needle into the infraorbital canal when per-
forming infraorbital blocks in cats and brachycephalic breed dogs.
The canal is extremely short in these animals, and insertion of the
needle into it may cause ocular damage. As an alternative, infiltra-
tion anesthesia can be used where local anesthetic is injected di-
rectly into the periodontal ligament and surrounding tissues. It is
most effective when performed in areas with thin cortical bone
(maxillary teeth and mandibular incisors) and when a small num-
ber of teeth need to be desensitized.5,9

When using either lidocaine or bupivacaine, it is important to
calculate the total dose of local anesthetic that can be safely used
to avoid toxicity (Table 48.2). Generally, toxic doses of lidocaine
are 10 mg/kg in dogs and 6 mg/kg in cats. The toxic doses of bupi-
vacaine are lower and are approximately 3 mg/kg in dogs and 2
mg/kg in cats. Recent reports have examined the usefulness of
opioids in extending the analgesia from local anesthetic in re-
gional anesthetic techniques in humans. Both 0.075 mg/kg (0.035
mg/lb) morphine and 0.003 mg/kg (0.0015 mg/lb) buprenorphine
have been shown to double the analgesic duration in humans
when combined with either lidocaine or bupivacaine.10,11 Mu-
opioid receptors have been located in human dental pulp, suggest-
ing that local administration of opioids may be beneficial for den-
tal procedures.12 One study in humans found that pain scores were
lowered for up to 24 h when morphine was added to the local anes-
thetics compared with patients that received local anesthetics
alone.13 Little data are available regarding the use of opioids with
local analgesics for dental blocks in veterinary patients, but it may
prove to be a useful local application of this class of analgesics.

Take-Home Pain Medications
One challenging aspect of pain management for veterinary den-
tal patients involves medication that can be sent home for man-
aging lingering pain (Table 48.3). At present, oral NSAIDs ap-

pear to be the most commonly recommended dispensable med-
ications for short-term treatment of dental pain.14 When using
NSAIDS, appropriate patient selection is important to reduce the
risk associated with the use of this class of drugs. If additional
analgesics are needed, oral opioids (such as butorphanol tablets,
codeine tablets, and morphine tablets) are available that may be
combined with the NSAIDs.15 In recent years, an opioid-like oral
agent, tramadol, has demonstrated good analgesic activity for
mild to moderate pain.16 Tramadol is not scheduled and has been
shown to be useful for management of postoperative pain in
dogs.17 In addition, a handful of commercially available opi-
oid/NSAID preparations combine an opioid with acetaminophen
(e.g., codeine or oxycodone plus acetaminophen) that could be
used in dogs to relieve dental pain but not in cats.

Cats may be more difficult for owners to medicate at home, but
recent studies have shown that the parenteral form of buprenor-
phine is well absorbed when administered transmucosally to
cats.18 In this same study, owners were surveyed as to their pre-
ferred method of administering medications to cats. Cat owners
overwhelmingly chose oral medications as their preferred tech-
nique for home administration. The oral administration of bupre-
norphine and meloxicam (or other NSAID) may provide an ef-
fective method of controlling moderate to severe pain in cats
after invasive dental manipulation (Table 48.3).
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Table 48.1. Common dental techniques and anesthetic/analgesic requirements

Dental Technique Sedation/Anesthesia Requirement Analgesic Requirement

Dental radiographs Heavy sedation or general anesthesia None
Gingivectomy/gingival biopsy Heavy sedation or general anesthesia Topical, infiltration or local blocks, and systemic 

analgesics for mild to moderate pain
Dental prophylaxis General anesthesia None
Minor extractions (minimal elevation General anesthesia Infiltration technique, local blocks, and systemic 

required), deep subgingival scaling, analgesics for mild pain
and/or root planning and curettage

Surgical extractions (major elevation General anesthesia Regional nerve blocks (e.g., infraorbital nerve block), 
and bone removal required) and systemic analgesics for moderate to severe 

pain
Root canal therapy General anesthesia Regional nerve blocks, and systemic analgesics for 

moderate pain
Mandibulectomy/maxillectomy General anesthesia Regional nerve blocks, and systemic analgesics for 

severe pain
Jaw fracture General anesthesia Regional nerve blocks, systemic analgesics for 

moderate to severe pain (depending on type of 
fracture)

Table 48.2. Recommended local anesthetic doses for dental
blocks

Local Anesthetic Dog Cat

Bupivacaine Up to 2.0 mg/kg Up to 1.0 mg/kg
Lidocaine Up to 6.0 mg/kg Up to 3.0 mg/kg
Mepivacaine Up to 6.0 mg/kg Up to 3.0 mg/kg
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Table 48.3. Dispensable oral medications for dental patients

Drug Dogs Cats

NSAID
Acetaminophen 15 mg/kg PO TID Toxic to cats
Aspirin 10–25 mg/kg PO BID 10–20 mg/kg PO q 48–72 h
Carprofen 2 mg/kg PO BID or 4.4 mg/kg PO SID 1–2 mg/kg PO SID (1–2 doses only)
Ketoprofen 2 mg/kg PO loading dose, then 1 mg/kg SID 1 mg/kg PO loading dose, then 0.05 mg/kg 

(max. 5 days) SID (max. 3–5 days)
Etodolac 10–15 mg/kg PO SID —
Meloxicam 0.2 mg/kg PO loading dose, then 0.1 mg/kg PO SID 0.1 mg/kg loading dose, then 0.025 mg/kg PO 

SID (3–4 days)
Opioid

Buprenorphine — 0.010–0.040 mg/kg transmucosally BID to q.i.d.
Butorphanol 0.2–1.0 mg/kg PO q 1–4 h 0.2–1.0 mg/kg PO q 1–4 h
Codeine 1–2.0 mg/kg PO q 6–8 h 0.1–1.0 mg/kg PO q 4–8 h
Morphine 0.3–1.0 mg/kg PO q 4–8 h —
Tramadol 2–10 mg/kg/day PO divided BID or TID 2–10 mg/kg/day PO divided BID or TID

NSAID, nonsteroidal anti-inflammatory drug.
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Introduction
We know very little about cancer pain in animals, and very few
studies have been published evaluating cancer pain and its allevi-
ation.1–4 Given the lack of veterinary clinical studies, the infor-
mation in this chapter cannot be based solely on peer-reviewed
investigations. Rather, it is based on the experience of veterinary
clinicians involved in the treatment of cancer patients.
Considered extrapolations from human medicine and from vet-
erinary research in other chronically painful conditions, such as
osteoarthritis, are relied on, as well.

This chapter reviews the assessment and treatment of chronic
cancer pain in dogs and cats. The control of perioperative pain in
cancer patients is very important and readers are encouraged to
refer to appropriate texts and other chapters in this text for infor-
mation on perioperative pain control.5,6

General Approach to Cancer-Pain
Management
Barriers to effective cancer-pain control in animals include

• Lack of appreciation that many cancers are associated with
significant pain

• Inability to assess pain accurately in cancer patients
• Lack of knowledge of drugs, drug therapy, and other pain-

relieving techniques

• Lack of communication with clients and lack of involvement
of clients in the assessment and treatment phases

• Underuse of nursing staff for assessment and reevaluation of
pain in cancer patients

There are four main steps in overcoming these barriers and assuring
that chronic pain management is optimized in veterinary patients:

• Assure that veterinarians have the appropriate education and
training about the importance of alleviating pain, assessment of
pain, available drugs and potential complications, and interven-
tional techniques.

• Educate the client about realistic expectations surrounding
pain control and quality of life and convey the idea that most pa-
tients’ pain can be managed. This involves letting the client know
that owner involvement in evaluating the pet and providing feed-
back on therapy is crucial to success. The veterinarian and owner
should both participate in developing effective strategies to alle-
viate pain. The clients’ involvement also helps decrease their
feelings of helplessness.

• Thoroughly assess the pet’s pain at the start and throughout
the course of therapy, not just when it becomes severe.

• Have good support from the veterinary practice or institution
for the use of opioids and other controlled substances.

Although pharmacological treatment is the mainstay of cancer-
pain treatment, adjunctive nondrug therapies such as acupuncture
may play an important role in the management of patients’
chronic cancer pain. It must also be remembered that surgery and
radiation therapy have very important roles in the management of
cancer pain through treatment or palliation of the disease.

A basic approach to cancer-pain management can be sum-
marized:

1. Assess the pain. Ask for the owner’s perceptions of the pet’s
pain or of any compromise in its quality of life.

2. Believe the owner. The owner sees the pet every day in its
own environment and knows when alterations in behavior occur.
Owners can rarely suggest diagnoses but do know when some-
thing is wrong and when their pet is in pain. The veterinarian
should become familiar with the owner’s terminology when ex-
plaining the pet’s abnormal behaviors to establish a baseline of
communication for further assessment in the home environment
once therapy has been initiated.

3. Choose appropriate therapy depending on the stage of the
disease. Anything other than mild pain should be treated with
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more than one class of analgesic or with an analgesic drug com-
bined with nondrug adjunctive therapy. Also consider concurrent
problems and drug therapy; be aware of potential drug interac-
tions and toxicity.

4. Deliver the therapy in a logical, coordinated manner and ex-
plain carefully to the owner about any possible side effects.

5. Empower the clients to participate actively in their pet’s
treatment; ask for feedback and updates on how the therapy is
working.

The Importance of Alleviating Pain
The alleviation of pain is important from physiological and bio-
logical standpoints, as well as from an ethical perspective.7 Pain
can induce a stress response in patients that is associated with el-
evations in andrenocorticotropic hormone, cortisol, antidiuretic
hormone, catecholamines, aldosterone, renin, angiotensin II, and
glucose, along with decreases in insulin and testosterone.8 A pro-
longed stress response can decrease the rate of healing. In addi-
tion, the stress response can adversely affect the cardiovascular
and pulmonary systems, fluid homeostasis, and gastrointestinal
(GI) tract function.8

Veterinarians have an ethical obligation to treat animal pain.
Most undertreatment of chronic pain is probably a result of lack
of adequate knowledge and resources rather than a lack of con-
cern. Outward show of concern for the pet and family is impor-
tant for demonstrating a bond-centered approach to cancer ther-
apy and pain management. Most owners who are willing to
undergo the emotional stress and financial commitment to cancer
therapy have already shown they have a strong attachment to
their pet. It is important for the veterinarian to foster good com-
munication surrounding primary therapy and pain treatment and
at the same time demonstrate empathy for the owner. In cancer
patients especially, pain prevention and treatment are not the only
aspects that impact animal welfare, and veterinarians must eval-
uate all aspects of welfare when making treatment decisions. To
help in an evaluation of welfare, five freedoms, initially proposed
by the Brambell committee in reference to farmed animals, have
been suggested as a rubric for the evaluation of welfare.9 These
may equally be applied to the context of companion animals:7

• Freedom from hunger and thirst
• Freedom from physical and thermal discomfort
• Freedom from pain, injury, and disease
• Freedom to express normal behavior
• Freedom from fear and distress

The approach to the treatment of cancer patients should be one
that considers all aspects of welfare. For each freedom, the sever-
ity, incidence, and duration of perturbation should be considered.
For example, for pain, the longer the pain lasts, such as in long-
standing painful cancers, the more welfare is compromised.

It is of significant interest that the provision of analgesics sig-
nificantly reduces the tumor-promoting effects of undergoing and
recovering from surgery.10 Surgery is well known to suppress
several immune functions, including natural killer (NK) cell ac-

tivity in animals and people, probably as a result of substances
released, such as catecholamines and prostaglandins. This sup-
pression of NK cell activity can enhance metastasis.11–13 The re-
duction of the tumor-promoting effects of surgery by analgesics
seems to be due to the alleviation of pain-induced reduced NK
cell function, but unrecognized factors other than immune cells
probably also play a role.10 Thus, the provision of adequate peri-
operative pain management in oncological surgery may protect
clinical patients against metastatic sequelae. It may also be that
the treatment of the chronic pain may somewhat protect against
metastasis and possibly the local extension of cancer. This is an,
as yet, unproven but interesting hypothesis.

Assessment of Cancer Pain
Assessment of pain in animals can be very difficult and frustrat-
ing. The tolerance of pain in a veterinary patient probably varies
greatly from individual to individual, as it does in humans.
Coupled with the innate ability of dogs and, particularly, cats to
mask significant disease and probably pain, this makes it very
difficult to assess pain. Often veterinarians need to rely on human
experience to help define pain in animals. The mainstay of pain
assessment in cats and dogs with cancer is likely to be changes
in behavior. Table 49.1 outlines behaviors that are indicative of
pain. The main point to remember is that any change in behavior
can be associated with pain. Veterinarians should also allow tech-
nicians and other staff members to be involved in the assessment.
Technicians and other staff members are usually better able to
evaluate pain and quality of life in animals because they spend
more time with the patients in the hospital. Thus, they are more
likely to be able to converse in a relaxed and informal way with
pet owners.

The best and most important people to assess their animal’s
behavior are the owners. The veterinary surgeon must work
closely and communicate effectively with the owner to be able to
capture this information. Often owners need education as to what
signs to look for, or education that certain behaviors may be in-
dicative of pain. Once very specific changes in behavior can be
identified and recorded, these can be used to monitor the effec-
tiveness of analgesic therapy. This approach has proved very sen-
sitive in the evaluation of chronic pain caused by osteoarthritis.14

In cases where pain does not cause a specific behavioral change,
but rather a vague change in an animal’s behavior, the owner is
still the best person to assess the pet’s pain or—as the combina-
tion of pain and other welfare considerations is often described—
well-being or quality of life. Capturing this information can also
be a very sensitive indicator of the effectiveness and appropriate-
ness of therapy. Physiological variables, such as heart rate, respi-
ratory rate, temperature, and pupil size, have been shown to be
unreliable measures of acute perioperative pain in dogs and are
therefore unlikely to be useful in chronic pain states.15

Principles of Alleviation of Cancer Pain
Drugs are the mainstay of cancer-pain management, although
nondrug adjunctive therapies are becoming recognized as in-
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creasingly important. The World Health Organization (WHO)
has outlined a general approach to the management of cancer
pain, based on the use of the following groups of analgesics:16

• Nonopioid analgesics (e.g., nonsteroidal anti-inflammatory
drugs and acetaminophen)

• Weak opioid drugs (e.g., codeine)
• Strong opioid drugs (e.g., morphine)
• Adjuvant drugs (e.g., corticosteroids, tricyclic antidepres-

sants, anticonvulsants, N-methyl-D-aspartate [NMDA] an-
tagonists)

The general approach of the WHO ladder is a three-step hierar-
chy (see Fig. 49.1). Within the same category of drugs, there can
be different side effects for individuals. Therefore, if possible, it
may be best to substitute drugs within a category before switch-
ing therapies. It is always best to try to keep dosage scheduling
as simple as possible. The more complicated the regimen is, the
more likely is owner noncompliance. Drugs should be dosed on
a regular basis, not just as needed, as pain becomes moderate to
severe. Continuous analgesia will facilitate maintaining patient
comfort. Additional doses of analgesics can then be administered
as pain is intermittently more severe. Adjuvant drugs can be ad-
ministered to help with specific types of pain and anxiety.

There are two potential problems with the use of the WHO

analgesic ladder in veterinary medicine. First, there is very little
information from human medicine, and virtually none from vet-
erinary medicine, on which drugs are most effective for a partic-
ular type of cancer pain. It may well be that third tier drugs are
the most effective for a particular condition and therefore best
used initially.

The second problem is that such an approach may not be best
suited for patients that present with severe pain. Many veterinary
cancer patients present at an advanced stage of disease and thus
are already in severe pain. Once pain has been present for a pe-
riod, changes may have occurred in the central nervous system
(CNS) that alter the way pain signals are processed. This alter-
ation in processing (central sensitization) makes traditional anal-
gesics less effective and requires that multiple classes of drugs be
used concurrently to minimize pain. This is known as multimodal
pain therapy. Once pain is minimized, and central changes are
partially reversed, the administration of various classes of anal-
gesic drugs initially used can be decreased. This approach has
been termed the analgesic reverse pyramid approach.17 It is cur-
rently unknown which of these two approaches (the WHO ladder
or the reverse pyramid) is most appropriate and, indeed, one ap-
proach may be best at one disease stage and the other later on.
The most important aspect in the treatment of cancer pain is that,
in the majority of situations, multimodal therapy (i.e., concurrent
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Table 49.1. Outline of behaviors that may be seen with cancer-associated or cancer therapy–associated pain in cats and dogs.

Behavior Notes

Activity Less activity than normal.
Very specific activities may be changed: decreased jumping; less playing; less venturing outside; and 

less willing to go on walks (dogs).
Stiff gait, altered gait, or lameness can be associated with generalized pain, but are more often asso-

ciated with the appendicular or axial musculoskeletal system.
Slow to rise and get moving after rest (osteoarthritis, which is often concurrently present).

Appetite Often decreased with cancer pain.
Attitude Any change in behavior can be associated with cancer pain: aggressiveness, dullness, shyness, 

“clinginess,” and increased dependence.
Facial expression Cats: head hung low, squinted eyes.

Dogs: sad expression, head carried low.
Grooming Failure to groom, caused by either a painful oral lesion or generalized pain 
Response to palpation This is one of the best ways to diagnose and monitor pain. Pain can be elicited by palpation of the 

affected area or by manipulation of the affected area, which exacerbates low-grade pain to produce
transient severe pain. This is manifested as an aversion response from the animal, i.e., the animal
attempts to escape the procedure, or yowls, cries, hisses, or bites. Pain is inferred when this occurs.

Respiration This may be elevated with severe cancer pain.
Self-traumatization Licking at an area (e.g., a joint with osteoarthritis, bone with primary bone cancer, or abdomen with 

intra-abdominal cancer) can indicate pain.
Scratching can indicate pain (e.g., scratching at cutaneous tumors or scratching and biting at the flank 

with prostatic or colonic neoplasia).
Self-traumatization can also indicate the presence of neuropathic pain, or referred pain. 

Urinary and bowel elimination Cats: failure to use litter box.
Dogs: urinating and defecating inside.

Vocalization Vocalization is rare in response to chronic pain in dogs and cats, but owners of dogs will often report 
frequent odd noises (whining and grunting) associated with cancer pain. Occasionally, cats will hiss,
utter spontaneous plaintive meows, or purr in association with cancer pain. This may be in response
to the intermittent severe spontaneous pain associated with neuropathic pain.



use of more than one class of drug) is required for successful
alleviation of the pain. The drugs that can be used for chronic
cancer-pain management are outlined in Tables 49.2 (dogs) and
49.3 (cats).

Nonsteroidal Anti-inflammatory Drugs
(NSAIDs)
The cyclooxygenase (COX) enzyme exists in (at least) two dif-
ferent forms. This relatively recent finding led to the rather sim-
ple designation of one COX enzyme producing essential
prostaglandins (e.g., those involved in maintaining mucosal in-
tegrity of the stomach) on a minute-to-minute basis, and another
that is activated by tissue trauma and produces inflammatory or
pain-mediating prostaglandins. However, it is not as simple as
COX-1 being good and COX-2 bad, because COX-2 has been
shown to be expressed constitutively in certain tissues such as the
canine kidney (although data are conflicting) and the canine
CNS.18–20 It is not fully understood what role, if any, COX-2
plays in canine GI mucosa. Simplistic theory would suggest that
selective or preferential COX-2 inhibitors (e.g., carprofen, dera-
coxib, meloxicam, and firocoxib) might be associated with fewer
GI side effects than would a nonselective drug. Although clinical
experience with COX-2 selective drugs in human patients sug-
gests that fewer side effects occur with these agents (such as cele-
coxib or rofecoxib) than with nonselective NSAIDs (such as
ibuprofen or aspirin), widespread clinical experience is required
before a similar statement can be made with respect to COX-2
selective drug use in dogs. Prostaglandins produced by COX-2
are involved in the healing of injured GI tract, and the safety of

COX-2 selective drugs in patients with inflammatory bowel dis-
ease or subclinical GI erosion or ulceration is unknown. Theory
would also suggest that COX-2 selective drugs are not any safer
for the kidney than are the nonselective drugs. Again, widespread
clinical experience in dogs is required to substantiate this, al-
though the COX-2 selective drugs used in humans have been
found to be associated with a similar incidence of renal toxicity
as traditional NSAIDs.21 The relevance of this discussion to can-
cer treatment is that veterinarians need to be very aware of the
possible side effects of NSAIDs and communicate this to own-
ers. Very often, because of preexisting disease or concurrent ther-
apy, cancer patients are at greater risk for toxic side effects from
NSAIDs.

More recently, research has shown COX-2 plays a significant
role in the development and progression of cancer. The produc-
tion of prostaglandin E2 by COX-2 has been linked to the promo-
tion of tumorigenesis.22 COX-2 overexpression in cells will in-
hibit apoptosis, allowing neoplastic cells to continue to live.
Other mechanisms by which COX-2 contributes to tumor devel-
opment include facilitating the adhesion and increasing the inva-
siveness of cancer cells, increased cell growth, suppression of the
immune system, and enhanced angiogenesis.23

COX-2 overexpression has been demonstrated in a number of
premalignant and malignant conditions, including colon cancer,
non-small-cell lung cancer, breast cancer, bladder cancer, pancre-
atic cancer, prostate cancer, and head-and-neck cancer in peo-
ple.24–30 Overexpression of COX-2 in tumors has been linked
with a poor prognosis and more aggressive cancer. As a result of
these findings, selective COX-2 inhibitors are being used in
chemotherapy protocols against these cancers.31,32 NSAIDs are
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Non-opioid
+/- Adjuvant

Weak opioid
+/- Non-opioid
+/- Adjuvant

Strong opioid
+/- Non-opioid
+/- Adjuvant

Pain due 
to cancer

Pain persisting or 
increasing

Pain persisting or 
increasing

? Freedom from
cancer pain

Fig. 49.1. Diagram showing the World Health Organization analgesic ladder for the treatment of cancer pain. The three standard analgesics
making up this ladder are nonsteroidal anti-inflammatory drugs, opioids (such as codeine), and full µ opioid agonists (such as morphine).
Alternatives are substituted as necessary. This simple approach is likely to be superseded by a more complex approach based on the mecha-
nism of pain associated with particular cancer types. The three-step WHO ladder approach is not always suitable for veterinary patients, who
often initially present with relatively advanced disease and significant pain.
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Table 49.2. Suggested doses of analgesics that may be used for the alleviation of chronic cancer pain in dogsa.

Drug Dose for Dogs Comments

Acetaminophen (paracetamol)

Acetaminophen (paracetamol) 
(300 mg) + codeine 
(30 or 60 mg)

Amantadine

Amitriptyline

Aspirin

Butorphanol

Codeine
Carprofen

Deracoxib

Etodolac
Fentanyl, transdermal

Gabapentin

Glucosamine and chondroitin 
sulfate

Meloxicam

Morphine, liquid

This seems to be associated with fewer GI side effects than are regular
NSAIDs, and not noted to be associated with renal toxicity.

Toxicity has, however, not been evaluated clinically in dogs.
It has been combined with regular NSAIDs (e.g., meloxicam or carpro-

fen) in severe cancer pain, but this combination has not been evalu-
ated for toxicity, and increased toxicity is likely to be seen.

The acetaminophen dose corresponds to 2 mg/kg codeine. Sedation
may be a side effect.

This is an NMDA antagonist (although originally marketed as an antivi-
ral agent) that seems to produce a significant level of analgesia when
given in combination with an NSAID.

Loose stools and excess GI gas can be seen at higher doses for a few
days.

It should not be combined with drugs such as selegiline or sertraline
until more is known about interactions among these drugs.

This augments the descending serotonergic system, which is one of
the body’s endogenous analgesic mechanisms.

It is not a “strong” analgesic, but, like amantadine, tramadol, and
codeine, is useful when combined with an NSAID or paracetamol.

It has not been evaluated for clinical toxicity in dogs.
This causes significantly more GI ulceration than approved NSAIDs.
Caution: Do not administer near the time of surgery because platelet

function is inhibited.
This may produce sedation at higher doses.
It is not a very predictable analgesic and is best used in combination

with other analgesics, e.g., NSAIDs.
Sedation can be seen at the higher doses.
—

This is one of the most specific COX-2 inhibitors approved for use in
dogs with osteoarthritis (USA).

(Available only in the USA.)
This can be very useful for the short-term control of cancer pain.
For long-term therapy, its usefulness is limited by the need to change

the patch every 4 to 5 days and the expense involved.
This has not been evaluated in dogs as an analgesic; it is most fre-

quently used as an antiseizure drug and is rapidly metabolized in
dogs.

It can be useful for neuropathic pain, such as after limb amputation or
for nerve-root tumor pain, or cancers that seem to have a significant
component of neuropathic pain (osteosarcoma).

Its best effects are seen when used in combination with other anal-
gesics, such as NSAIDs or acetaminophen (paracetamol).

This can be used in a variety of cancer pain because of its mild anti-
inflammatory and analgesic effects.

It is best used in combination with an NSAID or other analgesic.
—

This can be useful for dosing smaller dogs when morphine tablets are
not suitable.

Sedation and (particularly) constipation are side effects that are seen as
the dose is increased.

Oral morphine may not be as effective in dogs as it is in humans.
(continued)

10–15 mg/kg PO q 8 h for 5
days

Long-term therapy: up to 10
mg/kg every 12 h

Dose based on 10–15 mg/kg
of acetaminophen

3.0–5.0 mg/kg PO q 24 h

0.5–2.0 mg/kg PO q 24 h

10 mg/kg PO q 12 h

0.2–0.5 mg/kg PO up to q 8 h

0.5–2.0 mg/kg PO q 24 h
2 mg/kg PO q 12 h or
4 mg/kg PO q 24 h
1–2 mg/kg PO q 24 h long

term
5–15 mg/kg PO q 24 h
2–5 µg/kg/h

3–10 mg/kg PO q 24 h

13–15 mg/kg chondroitin sul-
fate PO q 24 h

0.2 mg/kg PO day 1, and then
0.1 mg/kg q 24 h

0.2–0.5 mg/kg PO q 6–8 h
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Table 49.2. Suggested doses of analgesics that may be used for the alleviation of chronic cancer pain in dogsa (continued).

Drug Dose for Dogs Comments

Morphine, sustained release

Pamidronate (one of the 
bisphosphonate class of 
drugs)

Piroxicam

Prednisolone

Tepoxalin

Tramadol

aNone of the drugs have been evaluated for efficacy in the treatment of cancer pain. None of these drugs are approved or licensed for use in chronic cancer
pain. Some drugs are approved for use in osteoarthritis, and doses are extrapolated from recommended doses for the treatment of osteoarthritis. The doses
listed come from the authors’ experience and from the experience of others working in the area of clinical cancer-pain control. GI, gastrointestinal; IV, intra-
venously; NMDA, N-methyl-D-aspartate; NSAID, nonsteroidal anti-inflammatory drug; and PO, per os (orally).

Doses higher than 0.5–1.0 mg/kg are often associated with unaccept-
able constipation according to owners, so the suggested use is 0.5
mg/kg several times a day. However, recent evidence indicates the
“first pass” effect for oral morphine is very high in dogs, and anal-
gesic tissue levels may be very difficult to attain.

This drug inhibits osteoclast activity and thus provides analgesia in
patients with a primary or metastatic bone tumor that is causing
osteolysis. 

Despite its widespread use as a mild chemotherapeutic agent for ep-
ithelial tumors, the incidence of side effects in dogs is not known but
appears to be quite high at 0.3 mg/kg q 24 h, so suggested use is
0.3 mg/kg q 48 h. 

Do not use this concurrently with NSAIDs.
It can be particularly useful in providing analgesia when there is a sig-

nificant inflammatory component associated with the tumor.
This NSAID is a “dual inhibitor” that inhibits both cyclooxygenase and

lipoxygenase enzymes.
It is likely to be particularly useful in cancer pain where there is a signif-

icant inflammatory component.
This has not been evaluated for efficacy or toxicity in dogs but appears

to be a useful adjunctive analgesic (when combined with other anal-
gesics, such as acetaminophen or the NSAIDs) for the treatment of
cancer pain in dogs.

If sedation is seen, the dose should be reduced.

0.5–3.0 mg/kg PO q 8–12 h

1–1.5 mg/kg slowly IV, proba-
bly once a month (although
this has not been defined
yet)

0.3 mg/kg PO q 48 h

0.25–1.0 mg/kg PO q 12–24 h
Taper to q 48 h, if possible,

after 14 days
10–20 mg/kg PO on day 1, fol-

lowed by 10 mg/kg daily 

4–5 mg/kg PO q 6–12 h

Table 49.3. Suggested doses of analgesics that may be used for the alleviation of chronic cancer pain in cats.a,b

Drug Cat Dose (mg/kg) Comments

Acetaminophen (paracetamol)
Amantadine

Amitriptyline

Aspirin

It is contraindicated because small doses rapidly cause death in cats.
This has not been evaluated for toxicity but is well tolerated by dogs

and people, with occasional side effects of agitation and GI irritation.
It may be a useful addition to NSAIDs in the treatment of chronic

cancer-pain conditions.
The 100-mg capsules need to be recompounded for cats, or capsules

compounded from the powder drug.
This appears to be well tolerated for up to 12 months of daily adminis-

tration in cats.
Occasionally drowsiness is seen (<10%). This drug may be a useful

addition to NSAIDs for treatment of chronic pain conditions.74,81

This can cause significant GI ulceration.
(continued)

Contraindicated
3.0 mg/kg PO q 24 h

0.5–2.0 mg/kg PO q 24 h

10 mg/kg PO q 48 h
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Table 49.3. Suggested doses of analgesics that may be used for the alleviation of chronic cancer pain in catsa,b (continued).

Drug Cat Dose (mg/kg) Comments

Buprenorphine

Butorphanol

Glucosamine/chondroitin 
sulfate combinations

Ketoprofen

Meloxicam

Morphine (oral liquid)

Piroxicam

Prednisolone 

Tolfenamic acid

Tramadol

Transdermal fentanyl patch

aNone of these drugs have been evaluated for efficacy in the treatment of cancer pain. None are approved or licensed for use in the treatment of chronic can-
cer pain. Some are approved for treatment of inflammatory or painful conditions in cats in certain countries, and doses for the control of cancer pain are ex-
trapolated from these. The doses listed come from the authors’ experience and from the experience of others working in the area of clinical cancer-pain con-
trol. GI, gastrointestinal; IV, intravenously; NSAID, nonsteroidal anti-inflammatory drug; PCV, packed cell volume; and PO, per os (orally).
bAdapted from Lascelles86 and from Tranquilli et al.87

Recent information from the University of Florida, using a research
model, suggests that this provides good analgesia when adminis-
tered sublingually (20 µg/kg; injectable formulation) and provides
good analgesia predictably for 6–7 h (buprenorphine IV provides
analgesia for the same period when administered at the same dose).

The sublingual route is not resented by cats and may be a good way to
provide postoperative analgesia at home.

Feedback from owners indicates that, after 2–3 days at this dose,
anorexia develops.

Smaller doses (5–10 µg/kg) may be more appropriate for long-term
administration, especially in combination with other drugs.57

One study suggests that using this PO after surgery may be beneficial.
It is generally considered to be a poor analgesic in cats except for vis-

ceral pain, but the authors have found it to be useful as part of a
multimodal approach to cancer-pain therapy.82

This combination appears to produce mild anti-inflammatory and anal-
gesic effects in cats more predictably than in dogs.

It can be used in conjunction with NSAIDs, opioids, and amantadine.
This is probably well tolerated as pulse therapy for chronic pain, with a

few days rest between treatments.
It has also been used by some at 1 mg/kg every 3 days long term or at

0.5 mg/kg every other day long term. A safe long-term dosing regi-
men has not been established.

This is particularly well received by cats because of its formulation as a
honey syrup.

The drop formulation makes it very easy to decrease the dose gradually
and accurately.

A safe long-term dosing regimen has not been established.83

This is best compounded into a palatable flavored syrup, but cats usu-
ally strongly resent this medication.

Morphine may not be as effective in cats as it is in dogs.
This can be compounded into a palatable liquid, but recent information

suggests that the active drug decreases significantly over a 10-day
period after compounding in an aqueous solution.

In the authors’ experience, significant drops in PCV (presumably
caused by GI hemorrhage) occur in up to 30% of cats after 2–3
weeks of drug therapy.

This can be particularly effective in cancers associated with significant
inflammation (such as squamous cell carcinoma of the oral cavity in
cats).

Do not combine it with concurrent NSAID administration.
—

This has not been evaluated for toxicity in cats and has not yet been
used extensively by the authors for treatment of cancer pain in cats.

However, early results are encouraging, but toxicity appears to be seen
more readily in cats than dogs.

A 25-µg/h patch can be applied to average-size cats (7.7–11.0 lb;
3.5–5.0 kg).

In smaller cats, other methods of providing analgesia should be sought
because it is not recommended to cut patches in half, and covering
half of the patch produces unpredictable results.

The decay in plasma levels following patch removal is slow.84,85

0.02 mg/kg sublingual q 6–7 h

0.2–1.0 mg/kg PO q 6 h

Ca. 15 mg/kg chondroitin sul-
fate PO q 12 to 24 h

1 mg/kg PO q 24 h; maximum
5 days

0.1 mg/kg PO on day 1, fol-
lowed by 0.05 mg/kg PO
daily for 4 days, and then
0.025 mg/kg to 0.05 mg/kg
every other day

0.2–0.5 mg/kg PO TID–QID

1 mg/cat PO daily for a maxi-
mum of 7 days

If longer-term medication is
considered, suggested use
is dosing every other day,
but see the note at right

0.25–0.5 mg/kg PO q 24 h

4 mg/kg PO q 24 h for 3 days
maximum

1–2 mg/kg once or twice daily

2–5 µg/kg/h



also being used to protect against cancer in people genetically at
risks for certain cancers, such as colon cancer, although it seems
that some NSAIDs may be more effective than others.33–35 Basic
research has also shown that COX-2 inhibitors may enhance the
effects of radiation of tumors.36

Significant research has recently been directed toward exam-
ining the role of COX-2 in dogs with cancer. In dogs, COX-2 is
overexpressed in a number of carcinomas, including bladder and
renal, mammary, intestinal, cutaneous (squamous cell), and
nasal, and, in some sarcomas, such as osteosarcoma.37–40 A num-
ber of investigators have examined the anticancer properties of
NSAIDs (to date, mainly only those of piroxicam) in canine tu-
mors. Administration of piroxicam causes regression of, and
slows the progression of, rectal tubulopapillary polyps.41 Piroxi-
cam has also been shown to have anticancer effects in canine
transitional cell carcinoma and canine oral squamous cell carci-
noma.42–47 In multicentric lymphoma, there was no apparent
benefit to adding piroxicam to doxorubicin.48

NSAIDs have been the mainstay of therapy for chronic pain,
especially in osteoarthritis. The choice among available NSAIDs
can be bewildering, but a few key points follow:

• On a population basis, all NSAIDs appear equally effective
in relieving pain associated with osteoarthritis, but for a given pa-
tient one drug may be more effective than another. This is prob-
ably even truer for cancer pain, where the mechanisms of pain
may be very different from one patient to another.

• GI side effects associated with NSAID use appear to be
more common with drugs that preferentially block COX-1 over
COX-2, although COX-2–inhibiting drugs have the potential to
exacerbate GI injury when there is preexisting pathology. This
results from inhibition of the beneficial role that the COX-2 en-
zyme may play in GI healing.

• There is no difference in renal toxicity between COX-1 se-
lective drugs and COX-2 selective drugs. Both COX-1 and COX-
2 are constitutively expressed in the kidney.

• Liver toxicity with NSAIDs is an idiosyncratic event that
can happen with any NSAID.

Monitoring
If the NSAID chosen is effective and does not cause significant
adverse effects, it should be continued. If not, therapy may be
changed to another NSAID, provided the animal did not experi-
ence a serious side effect (e.g., GI bleeding, azotemia, or he-
patopathy). If serious toxicity occurs, the patient should be care-
fully evaluated and the benefits of continued NSAID therapy
weighed against the potential for further adverse events. Chang-
ing therapy to another class of drugs (e.g., opioids) may be the
safest strategy if the patient’s tolerance for NSAIDs is low. If an-
other NSAID is chosen, the patient should be monitored closely
for toxicity. This consists of two aspects:

• Informing the owner of the potential for further toxicity and
what signs to watch for (lethargy, anorexia, depression, vomiting,
melena, and increased water ingestion).

• Regular blood work (and urinalysis) to evaluate renal func-
tion (urea, creatinine, and urine specific gravity) and liver func-

tion (alkaline phosphatase and alanine aminotransferase and, if
these enzymes are raised, bile acids). A baseline should be ob-
tained when NSAID therapy is initiated and parameters moni-
tored regularly thereafter. The reevaluation is done more fre-
quently if multiple drugs are used, because there is no
information on clinical toxicity associated with combinations of
analgesics administered chronically.

NSAIDs in Cats
Cats have generally longer, but variable and inconsistent, rates of
biotransformation and excretion of NSAIDs when compared
with other species. All of the kinetic studies performed in cats
have been on single doses, and no studies have yet examined the
metabolism of chronically administered NSAIDs.49–52 However,
given that most of the NSAIDs have a relatively long half-life in
cats, chronic dosing at the dosing level and frequency described
for dogs is likely to be more dangerous for cats than for dogs.

No NSAIDs have been licensed for chronic administration (>5
days) in cats. A number of available NSAIDs can probably be
used relatively safely (Table 49.3); however, no NSAID has been
fully evaluated for safe use in cats. The key to safe chronic
NSAID administration in cats is to individualize the dose by using
the smallest effective dose or extend the dosing interval relative to
other species. Since half-lives can be longer and more variable,
some cats may metabolize drug at a rapid rate, requiring more fre-
quent dosing, whereas other cats may accumulate drug to toxic
levels unless the dosing interval is increased or the dose is re-
duced. Cats are more prone to toxicity associated with NSAIDs
than are dogs; therefore, blood and urine should probably be ana-
lyzed even more frequently than recommended for dogs.

Analgesics for Cancer-Pain Relief
If pain relief with NSAIDs is inadequate, oral opioid medica-
tions, such as morphine or tramadol, can be administered. Trans-
dermal fentanyl patches can also be used. Fentanyl, morphine, or
tramadol can be used for dogs that cannot be given NSAIDs, al-
though adverse effects may be more common. Acetaminophen
has been used in conjunction with NSAIDs (except in cats), al-
though safety data on combined use are lacking. Other agents
that are used to treat chronic pain include amantadine (an NMDA
antagonist); anticonvulsants, such as gabapentin; and tricyclic
antidepressants, such as amitriptyline. These can all be combined
with NSAIDs.

Acetaminophen
Acetaminophen (paracetamol) is a nonacid NSAID, though
many pharmacologists do not consider it an NSAID because it
probably acts by different mechanisms than do most currently
marketed NSAIDs. Although its mechanism of action is poorly
understood, it has been suggested that it acts on a variant of the
cyclooxygenase enzyme (COX-3), which is present in CNS tis-
sues of dogs.53,54 With any chronic pain, there are always CNS
changes, so centrally acting analgesics can be very effective for
what seems a peripheral problem, such as many cancers.
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Although highly toxic in cats, even in small quantities, acetamin-
ophen can be effectively used to control pain in dogs. No studies
of toxicity in dogs have been done, but, if toxicity is seen, it will
probably affect the liver, and thus the drug should be used cau-
tiously in dogs with liver dysfunction. It can be used on its own
or in combination with codeine and is initially dosed at about 10
to 15 mg/kg PO bid. The authors often use it as the first line of
analgesic therapy in dogs with renal compromise where NSAIDs
cannot be used, or in dogs that appear to be otherwise intolerant
to NSAIDs (e.g., vomiting or GI ulceration).

Opioids
Many veterinarians may be unfamiliar with the use of opioids
outside the perioperative period, but opioids can be a very effec-
tive part of a multimodal approach (i.e., the use of NSAIDs or
adjunctive analgesics with concurrent use of opioids). Adverse
effects of opioids can include behavior changes, diarrhea, vomit-
ing, occasionally sedation, and constipation with long-term use.
It is very often the constipation, and occasionally the sedation
seen, which owners seem to object to most, especially with the
administration of oral morphine. The opioids that have been used
clinically most often to alleviate chronic cancer pain are oral
morphine, transdermal fentanyl, oral butorphanol, transmucosal
buprenorphine, and oral codeine. None of these drugs has been
fully evaluated for clinical toxicity when administered long term,
nor for efficacy against chronic cancer pain. It is important to re-
alize that dosing must be done on an individual basis, and adjust-
ment of the dose to produce analgesia without undesirable side
effects requires excellent communication with clients. Recent
studies have indicated that certain preparations of prolonged-
release oral morphine and oral methadone may not reach effec-
tive plasma concentrations in dogs when dosed at the currently
recommended levels.55,56 Much work has to be done to better
evaluate the efficacy and safety of long-term oral opioids in dogs.

Opioid Use in Cats
There is currently no information on the long-term use of oral
opioids for chronic pain in cats. Interestingly, there seems to be
significant individual variation in the level of analgesia obtained
with certain opioids, especially morphine and butorphanol, in the
acute setting. Buprenorphine appears to produce predictable
analgesia when given sublingually in cats.57 Compared with hu-
mans, the sublingual route appears to result in near 100% bio-
availability in cats; this may be a result of differences in ioniza-
tion in the alkaline environment (pH 8 to 9) of the cat mouth
compared with that of humans (pH 6.5 to 7.0). Sublingual admin-
istration of buprenorphine is well accepted by cats, with no
resentment or salivation, so there is no need to compound the in-
jectable solution. The small volume required makes administra-
tion simple. Based on clinical feedback from owners, this is a
very acceptable technique for them to perform at home. How-
ever, inappetance can occur after several days of treatment.
Slightly lower doses can usually overcome this problem. When
administered concurrently with other drugs, longer dosing inter-
vals appear to be all that is required to minimize the potential for
toxicity.57

NMDA Antagonists
Since NMDA receptor appears to be important for the induction
and maintenance of central sensitization, the use of NMDA re-
ceptor antagonists would appear to offer benefit in the treatment
of pain where central sensitization has become established.58–61

Ketamine, tiletamine, dextromethorphan, and amantadine pos-
sess NMDA-antagonist properties, among other actions. Keta-
mine is not useful for the management of chronic pain in the
injectable formulation that is currently available. However, intra-
operative microdose ketamine appears to provide beneficial ef-
fects for a variety of surgical procedures, including limb amputa-
tions, and may decrease the incidence of chronic pain following
surgery. Other recent publications suggest a benefit of using ket-
amine perioperatively (an intravenous bolus [0.5 mg/kg] fol-
lowed by a continuous intravenous infusion [10.0 µg/kg/min]
prior to and during surgery), particularly in patients that have
pain caused by neoplasia prior to surgery.62,63 A lower continu-
ous intravenous infusion rate (2.0 µg/kg/min) may be beneficial
for the first 24 h postoperatively and an even lower rate (1.0
µg/kg/min) for the next 24 h. In the absence of an infusion pump,
ketamine can be mixed in a bag of crystalloid fluids for adminis-
tration during anesthesia.

Dextromethorphan has received attention as an orally admin-
istered NMDA receptor antagonist for use in human patients suf-
fering from chronic pain. Although it appears effective in some
people, dogs do not make the active metabolite after oral admin-
istration of dextromethorphan, probably negating its use as an
analgesic in dogs.64

Amantadine has been used for the treatment of neuropathic
pain in humans.65,66 It does not appear to have the undesirable
CNS adverse effects associated with ketamine administration.
Amantadine has been used in dogs as an adjunctive drug for the
alleviation of chronic pain, particularly in osteoarthritis and can-
cer. It is used as an adjunct to NSAIDs, and it appears to augment
pain relief with a low incidence of adverse effects (mainly agita-
tion and diarrhea over the first few days of administration). It
usually takes about 5 to 7 days to be effective and is usually used
long term. Suggested doses for dogs and cats are listed in Tables
49.2 and 49.3. Amantadine should probably not be used in pa-
tients with congestive heart failure, nor in patients on selegiline,
sertraline, or tricyclic antidepressants.

Combination Analgesics
Tramadol is a synthetic derivative of codeine and is classified as
an opioidergic/monoaminergic drug.67,68 It has been found to be
effective in the alleviation of pain associated with osteoarthritis
in humans, as part of a multimodal approach.69–72 Studies estab-
lishing dosing regimens and effectiveness in veterinary species
are limited. Tramadol and its metabolite have agonist action at
the µ opioid receptor and also facilitate the descending seroton-
ergic system, which is part of the body’s endogenous analgesic
system. Tramadol has been used in many parts of the world to
treat perioperative pain in animals and is occasionally used to
treat chronic pain. The doses listed in Tables 49.2 and 49.3 are
for the regular (not prolonged release) form of the drug. It has not
been evaluated for toxicity in dogs or cats.
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Anticonvulsants
Gabapentin is a structural analogue of �-aminobutyric acid
(GABA) and was introduced as an antiepileptic drug, although its
GABAergic actions appear minimal. It is thought to act by mod-
ulating the �2-delta subunit of calcium channels, thereby de-
creasing calcium influx and so neurotransmitter release. It ap-
pears to be useful for treating neuropathic pain and central
sensitization in some patients, although effectiveness in humans
(and probably veterinary patients) is unpredictable. It is metabo-
lized rapidly in dogs and is most often used for its anticonvulsive
properties. It appears to have some analgesic properties at low
doses administered two or three times daily.

Tricyclic Antidepressants
The tricyclic antidepressant amitriptyline appears to be effective
in cats for pain alleviation in interstitial cystitis, and many prac-
titioners have anecdotally reported efficacy in other chronically
painful conditions in cats and dogs.73,74 Amitriptyline has been
used daily for periods of up to 1 year for interstitial cystitis, and
few side effects have been reported. There are no other studies of
its possible analgesic effects in dogs or cats. It should probably
not be used concurrently with amantadine until more is known
about drug interactions.

Steroids
These have a mild analgesic action, are anti-inflammatory, and
can produce a state of euphoria. Steroids are often used to palli-
ate cancer and cancer pain in cats and dogs. They should not be
used concurrently with NSAIDs because of the increased risk of
serious adverse effects.

Bisphosphonates
Bone pain induced by primary or metastatic bone tumors is
thought to be caused mainly by osteoclast activity; therefore,
drugs that block osteoclast activity should markedly reduce bone
pain.75,76 Bisphosphonates inhibit osteoclast activity and can
thus produce analgesia. There is very little information on their
use in dogs for palliation of bone pain, but drugs such as
pamidronate are being used, and early anecdotal reports suggest
effectiveness in approximately 40% of cases.1

Other Cancer Pain–Relieving
Modalities
Local or whole body radiation can enhance analgesic drug effec-
tiveness by reducing metastatic or primary-tumor bulk.77

Radiation dose should be balanced between the amount neces-
sary to kill tumor cells and that which would affect normal cells.
Mucositis of the oral cavity and pharynx can develop after radi-
ation to the neck, head, or oral cavities, resulting in impaired
ability to eat and drink. Therapies to treat mucositis include anal-
gesics, sucralfate, 2% viscous lidocaine, and green-tea rinses.
Intravenous administration of strontium 89 has also been shown
to provide analgesia related to bony metastases in approximately
50% of humans, but its use is uncommon in veterinary patients.

Acupuncture can be used as a pain-relieving modality, often

when conventional therapy does not work. It is also useful in con-
junction with other therapy to allow lower doses of drugs to be
used that may have significant side effects. While some practition-
ers have difficulty accepting acupuncture because of traditional
Chinese medical explanations that may be scientifically untenable,
it is important to remember that there are documented physiolog-
ical theories and evidence for its clinical effects in animals.78,79

In general, acupuncture analgesia is extremely useful for treat-
ment of pelvic, radius/ulna, and femoral bone pain, as well as cu-
taneous discomfort secondary to radiation therapy. Acupuncture
may also help alleviate nausea associated with chemotherapy and
some analgesics, as well as promote general well-being.
Acupuncture can be provided through simple needle placement
or by needle placement combined with electrical stimulation (of
high or low frequency, although most types of pain respond to
low-frequency stimulation).80

Nutraceutical products may contain a variety of compounds,
but the main ones are glucosamine and chondroitin sulfate. These
are often recommended for osteoarthritis therapy, and there is ev-
idence that they provide mild anti-inflammatory and analgesic
effects. They may be of benefit in the alleviation of chronic can-
cer pain, but only when used as part of a multimodal approach.
Interestingly, based on the authors’ experience, the analgesic ef-
fect appears to be more predictable in cats than in dogs.

References
01. Fan TM, de Lorimier LP, Charney SC, et al. Evaluation of intra-

venous pamidronate administration in 33 cancer-bearing dogs with
primary or secondary bone involvement. J Vet Intern Med 2005;
19:74–80.

02. Ramirez O III, Dodge RK, Page RL, et al. Palliative radiotherapy of
appendicular osteosarcoma in 95 dogs. Vet Radiol Ultrasound
1999;40:517–522.

03. Bateman KE, Catton PA, Pennock PW, et al. 0-7-21 radiation ther-
apy for the palliation of advanced cancer in dogs. J Vet Intern Med
1994;8:394–399.

04. Karai L, Brown DC, Mannes AJ, et al. Deletion of vanilloid recep-
tor 1–expressing primary afferent neurons for pain control. J Clin
Invest 2004;113:1344–1352.

05. Flecknell PA, Waterman-Pearson AE. Pain Management in Animals.
London: WB Saunders, 2000:184.

06. Gaynor JS, Muir WW. Handbook of Veterinary Pain Management,
1st ed. St Louis: CV Mosby, 2002:452.

07. Lascelles BD, Main DC. Surgical trauma and chronically painful
conditions: Within our comfort level but beyond theirs? J Am Vet
Med Assoc 2002;221:215–222.

08. Hamill RJ. The physiologic and metabolic response to pain and
stress. In: Hamill RJ, Rowlingson JC, eds. Handbook of Critical
Care Pain Management. New York: McGraw-Hill, 1994:39–52.

09. Brambell FWR. Report of the Technical Committee to Enquire into
the Welfare of Animals Kept Under Intensive Husbandry Systems
[Cmnd 2836]. London: HM Stationery Office, 1965.

10. Page GG, Blakely WP, Ben-Eliyahu S. Evidence that postoperative
pain is a mediator of the tumor-promoting effects of surgery in rats.
Pain 2001;90:191–199.

11. Sandoval BA, Robinson AV, Sulaiman TT, et al. Open versus laparo-
scopic surgery: A comparison of natural antitumoral cellular immu-

1006 ● Anesthesia and Analgesia for Selected Patients and Procedures



nity in a small animal model. Am Surg 1996;62:625–630; Discus-
sion, 630–631.

12. Kutza J, Gratz I, Afshar M, et al. The effects of general anaesthesia
and surgery on basal and interferon stimulated natural killer cell ac-
tivity of humans. Anaesth Analg 1997;85:918–923.

13. Page GG, Ben-Eliyahu S, Liebeskind JC. The role of LGL/NK cells
in surgery-induced promotion of metastasis and its attenuation by
morphine. Brain Behav Immun 1994;8:241–250.

14. Gingerich DA, Strobel JD. Use of client-specific outcome measures
to assess treatment effects in geriatric, arthritic dogs: Controlled
clinical evaluation of a nutraceutical. Vet Ther 2003;4:56–66.

15. Conzemius MG, Hill CM, Sammarco JL, et al. Correlation be-
tween subjective and objective measures used to determine severity
of postoperative pain in dogs. J Am Vet Med Assoc 1997;210:
1619–1622.

16. Committee WHO. Cancer Pain Relief, 2nd ed. In. Geneva: World
Health Organization, 1996.

17. Lascelles BD. Relief of chronic cancer pain. In: Dobson JM,
Lascelles BD, eds. BSAVA Manual of Small Animal Oncology.
Cheltenham, UK: BSAVA, 2003:137–151.

18. Khan KN, Venturini CM, Bunch RT, et al. Interspecies differences
in renal localization of cyclooxygenase isoforms: Implications in
nonsteroidal antiinflammatory drug–related nephrotoxicity. Toxicol
Pathol 1998;26:612–620.

19. Wilson JE, Chandrasekharan NV, Westover KD, et al. Determination
of expression of cyclooxygenase-1 and -2 isozymes in canine tissues
and their differential sensitivity to nonsteroidal anti-inflammatory
drugs. Am J Vet Res 2004;65:810–818.

20. Ostrom RS, Gregorian C, Drenan RM, et al. Key role for constitu-
tive cyclooxygenase-2 of MDCK cells in basal signaling and re-
sponse to released ATP. Am J Physiol Cell Physiol 2001;281:
C524–C531.

21. Rossat J, Maillard M, Nussberger J, et al. Renal effects of selective
cyclooxygenase-2 inhibition in normotensive salt-depleted subjects.
Clin Pharmacol Ther 1999;66:76–84.

22. Zweifel BS, Davis TW, Ornberg RL, et al. Direct evidence for a role
of cyclooxygenase 2–derived prostaglandin E2 in human head and
neck xenograft tumors. Cancer Res 2002;62:6706–6711.

23. Raegg C, Dormond O. Suppression of tumor angiogenesis by non-
steroidal anti-inflammatory drugs: A new function for old drugs. Sci
World J 2001;1:808–811.

24. Koki A, Khan NK, Woerner BM, et al. Cyclooxygenase-2 in human
pathological disease. Adv Exp Med Biol 2002;507:177–184.

25. Kulkarni S, Rader JS, Zhang F, et al. Cyclooxygenase-2 is overex-
pressed in human cervical cancer. Clin Cancer Res 2001;7:429–434.

26. Soslow RA, Dannenberg AJ, Rush D, et al. COX-2 is expressed in
human pulmonary, colonic, and mammary tumors. Cancer 2000;89:
2637–2645.

27. Buckman SY, Gresham A, Hale P, et al. COX-2 expression is in-
duced by UVB exposure in human skin: Implications for the devel-
opment of skin cancer. Carcinogenesis 1998;19:723–729.

28. Chan G, Boyle JO, Yang EK, et al. Cyclooxygenase-2 expression is
up-regulated in squamous cell carcinoma of the head and neck.
Cancer Res 1999;59:991–994.

29. Tucker ON, Dannenberg AJ, Yang EK, et al. Cyclooxygenase-2 ex-
pression is up-regulated in human pancreatic cancer. Cancer Res
1999;59:987–990.

30. Yoshimura R, Sano H, Masuda C, et al. Expression of cyclooxyge-
nase-2 in prostate carcinoma. Cancer 2000;89:589–596.

31. Howe LR, Subbaramaiah K, Patel J, et al. Celecoxib, a selective cy-
clooxygenase 2 inhibitor, protects against human epidermal growth

factor receptor 2 (HER-2)/neu–induced breast cancer. Cancer Res
2002;62:5405–5407.

32. Koki AT, Masferrer JL. Celecoxib: A specific COX-2 inhibitor with
anticancer properties. Cancer Control 2002;9:28–35.

33. Burke CA, Bauer WM, Lashner B. Chemoprevention of colorectal
cancer: Slow, steady progress. Cleve Clin J Med 2003;70:346–350.

34. Ricchi P, Zarrilli R, Di Palma A, et al. Nonsteroidal anti-inflamma-
tory drugs in colorectal cancer: From prevention to therapy. Br J
Cancer 2003;88:803–807.

35. Friis S, Sorensen HT, McLaughlin JK, et al. A population-based co-
hort study of the risk of colorectal and other cancers among users of
low-dose aspirin. Br J Cancer 2003;88:684–688.

36. Kishi K, Petersen S, Petersen C, et al. Preferential enhancement of
tumor radioresponse by a cyclooxygenase-2 inhibitor. Cancer Res
2000;60:1326–1331.

37. Khan KN, Stanfield KM, Trajkovic D, et al. Expression of cyclooxy-
genase-2 in canine renal cell carcinoma. Vet Pathol 2001;38:116–119.

38. Dore M, Lanthier I, Sirois J. Cyclooxygenase-2 expression in canine
mammary tumors. Vet Pathol 2003;40:207–212.

39. McEntee MF, Cates JM, Neilsen N. Cyclooxygenase-2 expression
in spontaneous intestinal neoplasia of domestic dogs. Vet Pathol
2002;39:428–436.

40. Pestili de Almeida EM, Piche C, Sirois J, et al. Expression of 
cyclo-oxygenase-2 in naturally occurring squamous cell carcinomas
in dogs. J Histochem Cytochem 2001;49:867–875.

41. Knottenbelt CM, Simpson JW, Tasker S, et al. Preliminary clinical
observations on the use of piroxicam in the management of rectal
tubulopapillary polyps. J Small Anim Pract 2000;41:393–397.

42. Knapp DW, Richardson RC, Bottoms GD, et al. Phase I trial of
piroxicam in 62 dogs bearing naturally occurring tumors. Cancer
Chemother Pharmacol 1992;29:214–218.

43. Knapp D, Richardson R, TCK C, et al. Piroxicam therapy in 34 dogs
with transitional cell carcinoma of the urinary bladder. J Vet Intern
Med 1994;8:273–278.

44. Knapp DW, Chan TC, Kuczek T, et al. Evaluation of in vitro cyto-
toxicity of nonsteroidal anti-inflammatory drugs against canine
tumor cells. Am J Vet Res 1995;56:801–805.

45. Knapp DW, Glickman NW, Widmer WR, et al. Cisplatin versus cis-
platin combined with piroxicam in a canine model of human inva-
sive urinary bladder cancer. Cancer Chemother Pharmacol 2000;46:
221–226.

46. Mohammed SI, Bennett PF, Craig BA, et al. Effects of the cyclooxy-
genase inhibitor, piroxicam, on tumor response, apoptosis, and an-
giogenesis in a canine model of human invasive urinary bladder can-
cer. Cancer Res 2002;62:356–358.

47. Schmidt BR, Glickman NW, DeNicola DB, et al. Evaluation of
piroxicam for the treatment of oral squamous cell carcinoma in
dogs. J Am Vet Med Assoc 2001;218:1783–1786.

48. Mutsaers AJ, Glickman NW, DeNicola DB, et al. Evaluation of
treatment with doxorubicin and piroxicam or doxorubicin alone for
multicentric lymphoma in dogs. J Am Vet Med Assoc 2002;220:
1813–1817.

49. Lees P, Taylor PM. Pharmacodynamics and pharmacokinetics of flu-
nixin in the cat. Br Vet J 1991;147:298–305.

50. Parton K, Balmer TV, Boyle J, et al. The pharmacokinetics and ef-
fects of intravenously administered carprofen and salicylate on gas-
trointestinal mucosa and selected biochemical measurements in
healthy cats. J Vet Pharmacol Ther 2000;23:73–79.

51. Taylor PM, Delatour P, Landoni FM, et al. Pharmacodynamics and
enantioselective pharmacokinetics of carprofen in the cat. Res Vet
Sci 1996;60:144–151.

Cancer Patients ● 1007



52. Taylor PM, Winnard JG, Jefferies R, et al. Flunixin in the cat: A
pharmacodynamic, pharmacokinetic and toxicological study. Br Vet
J 1994;150:253–262.

53. Schwab JM, Schluesener HJ, Laufer S. COX-3: Just another COX or
the solitary elusive target of paracetamol? Lancet 2003;361:981–982.

54. Chandrasekharan NV, Dai H, Roos KL, et al. COX-3, a cyclooxyge-
nase-1 variant inhibited by acetaminophen and other analgesic/an-
tipyretic drugs: Cloning, structure, and expression. Proc Natl Acad
Sci USA 2002;99:13,926–13,931.

55. Kukanich B, Lascelles BD, Aman AM, et al. The effects of inhibit-
ing cytochrome P450 3A, p-glycoprotein, and gastric acid secretion
on the oral bioavailability of methadone in dogs. J Vet Pharmacol
Ther 2005;28:461–466.

56. Kukanich B, Lascelles BD, Papich MG. Pharmacokinetics of mor-
phine and plasma concentrations of morphine-6-glucuronide follow-
ing morphine administration to dogs. J Vet Pharmacol Ther 2005;28:
371–376.

57. Lascelles BD, Robertson SA, Taylor PM, et al. Comparison of the
pharmacokinetics and thermal antinociceptive pharmacodynamics
of 20 mcg/kg buprenorphine administered sublingually or intra-
venously in cats [Abstract]. Vet Anaesth Analg 2003;30:109.

58. Woolf CJ, Thompson SWN. The induction and maintenance of cen-
tral sensitization is dependent on N-methyl-D-aspartic acid receptor
activation: Implication for the treatment of post-injury pain hyper-
sensitivity states. Pain 1991;44:293–299.

59. Julius D, Basbaum AI. Molecular mechanisms of nociception.
Nature 2001;413:203–210.

60. Graven-Nielsen T, Arendt-Nielsen L. Peripheral and central sensiti-
zation in musculoskeletal pain disorders: An experimental approach.
Curr Rheumatol Rep 2002;4:313–321.

61. Fisher K, Coderre TJ, Hagen NA. Targeting the N-methyl-D-
aspartate receptor for chronic pain management: Preclinical animal
studies, recent clinical experience and future research directions. J
Pain Symptom Manage 2000;20:358–373.

62. Wagner AE, Walton JA, Hellyer PW, et al. Use of low doses of ket-
amine administered by constant rate infusion as an adjunct for post-
operative analgesia in dogs. J Am Vet Med Assoc 2002;221:72–75.

63. Slingsby LS, Waterman-Pearson AE. The post-operative analgesic
effects of ketamine after canine ovariohysterectomy: A comparison
between pre- or post-operative administration. Res Vet Sci 2000;
69:147–152.

64. Kukanich B, Papich MG. Plasma profile and pharmacokinetics of
dextromethorphan after intravenous and oral administration in
healthy dogs. J Vet Pharmacol Ther 2004;27:337–341.

65. Pud D, Eisenberg E, Spitzer A, et al. The NMDA receptor antago-
nist amantadine reduces surgical neuropathic pain in cancer patients:
A double blind, randomized, placebo controlled trial. Pain
1998;75:349–354.

66. Eisenberg E, Pud D. Can patients with chronic neuropathic pain be
cured by acute administration of the NMDA receptor antagonist
amantadine? Pain 1998;74:337–339.

67. Dayer P, Desmeules J, Collart L. Pharmacology of tramadol [in
French]. Drugs 1997;53(Suppl 2):18–24.

68. Oliva P, Aurilio C, Massimo F, et al. The antinociceptive effect of tra-
madol in the formalin test is mediated by the serotonergic compo-
nent. Eur J Pharmacol 2002;445:179–185.

69. Katz WA. Pharmacology and clinical experience with tramadol in
osteoarthritis. Drugs 1996;52(Suppl 3):39–47.

70. Reig E. Tramadol in musculoskeletal pain: A survey. Clin
Rheumatol 2002;21(Suppl 1):S9–S11; Discussion, S11–S12.

71. Adler L, McDonald C, O’Brien C, et al. A comparison of once-daily
tramadol with normal release tramadol in the treatment of pain in os-
teoarthritis. J Rheumatol 2002;29:2196–2199.

72. Schnitzer TJ. Non-NSAID pharmacologic treatment options for the
management of chronic pain. Am J Med 1998;105:45S–52S.

73. Buffington CAT. Visceral pain in humans: Lessons from animals.
Curr Pain Headache Rep 2001;5:44–51.

74. Buffington CAT, Chew DJ, Woodworth BE. Feline interstitial cysti-
tis. J Am Vet Med Assoc 1999;215:682–687.

75. Luger NM, Honore P, Sabino MA, et al. Osteoprotegerin diminishes
advanced bone cancer pain. Cancer Res 2001;61:4038–4047.

76. Honore P, Luger NM, Sabino MA, et al. Osteoprotegerin blocks
bone cancer–induced skeletal destruction, skeletal pain and pain-
related neurochemical reorganization of the spinal cord. Nat Med
2000;6:521–528.

77. Friedland J. Local and systemic radiation for palliation of metasta-
tic disease. Urol Clin North Am 1999;26:391–402.

78. Janssens LA, Rogers PA, Schoen AM. Acupuncture analgesia: A re-
view. Vet Rec 1988;122:355–358.

79. Wright M, McGrath CJ. Physiologic and analgesic effects of
acupuncture in the dog. J Am Vet Med Assoc 1981;178:502–507.

80. Ulett GA, Han S, Han JS. Electroacupuncture: Mechanisms and
clinical application. Biol Psychiatry 1998;44:129–138.

81. Buffington T, Pacak K. Increased plasma norepinephrine concentra-
tions in cats with interstitial cystitis [Abstract]. Urology 2001;57(6
Suppl 1):102.

82. Carroll GL, Howe LB, Slater MR, et al. Evaluation of analgesia pro-
vided by postoperative administration of butorphanol to cats under-
going onychectomy. J Am Vet Med Assoc 1998;213:246–250.

83. Lascelles BDX. Clinical efficacy of meloxicam (“Metacam”) in cats
with locomotor disorders. J Small Anim Pract 2001;42:587–593.

84. Franks JN, Boothe HW, Taylor L, et al. Evaluation of transdermal
fentanyl patches for analgesia in cats undergoing onychectomy. J
Am Vet Med Assoc 2000;217:1013–1020.

85. Glerum LE, Egger CM, Allen SW, et al. Analgesic effect of the
transdermal fentanyl patch during and after feline ovariohysterec-
tomy. Vet Surg. 2001;30:351–358.

86. Lascelles BDX. Drug therapy for acute and chronic pain in the cat.
Int J Pharm Compounding 2002;6:338–343.

87. Tranquilli WJ, Grimm KA, Lamont LA. Pain Management for the
Small Animal Practitioner, 2nd ed. Jackson, WY: Teton NewMedia,
2004.

1008 ● Anesthesia and Analgesia for Selected Patients and Procedures



Introduction
Patient Evaluation
Patient Preparation
Premedication
General Anesthesia for Orthopedic Procedures

Preanesthetic Management
Induction
Anesthesia Maintenance
Analgesic and Adjunctive Techniques

Monitoring
Supportive Care

Recovery
Long-Term Patient Management

Introduction
Veterinarians are asked to assess and treat orthopedic pain almost
daily. In many cases, surgical correction of the orthopedic dis-
ease is not an option, and a treatment plan for managing ongoing
chronic pain must be devised. If surgery is indicated, a plan for
both anesthesia and perioperative analgesia must be designed. If
trauma is the cause of the orthopedic injury, the anesthetic plan
includes assessment and management of shock and injuries to
other body systems. Aggressive treatment of pain associated with
acute orthopedic injuries will help prevent progression to chronic
pain. Once chronic pain is present, sensitization of the central
nervous system may make pain control more difficult. Drug com-
binations, using multiple classes of drugs, are often required to
obtain adequate pain relief.

Patient Evaluation
Documenting a patient’s history helps to determine the chronic-
ity of the orthopedic injury. Acute pain is more likely with trau-
matic or recent injury and a good response to normal doses of
analgesics would be expected. If injury is more chronic, anatom-
ical and biochemical changes in pain processing may be present,
indicating a more complex approach to pain management may
be required. Selection of appropriate anesthetic and analgesic
drugs is influenced by general health status and the type of pain
present.

The physical exam should include all body systems. Examina-
tion of the cardiovascular system should include evaluation of
mucous membrane (MM) color, capillary refill time (CRT), heart
rate, pulse rate, pulse quality, cardiac auscultation over all four
heart valves, and blood pressure. Evaluation of the respiratory

system should include rate and depth of ventilation, as well as
auscultation of all lung lobes, larynx, and trachea. Evaluation of
the neurological system is particularly important in trauma and
older patients. Mentation should be noted, along with any other
neurological deficits.

A basic laboratory evaluation is performed on all orthopedic
patients undergoing anesthesia and surgery. Testing in young,
healthy patients should include determination of packed cell vol-
ume (PCV), total plasma solids, blood urea nitrogen, and blood
glucose. This minimal laboratory evaluation is designed to aid in
the recognition of disease processes not related to the surgical
problem. More complete testing is performed on trauma patients,
patients with any type of localized or systemic disease, and in ap-
parently healthy older patients. Additional testing may include a
complete blood count (CBC), serum chemistry profile, elec-
trolyte analysis, endocrine testing, electrocardiogram, and deter-
mination of blood gas or infectious disease profile. Thoracic ra-
diographs should be performed on trauma patients to rule out
pneumothorax, pulmonary contusion, or diaphragmatic hernia.

Patient Preparation
If physical exam or laboratory values for PCV, total plasma
solids, or blood urea nitrogen indicate preexisting dehydration,
the patient should have fluid deficits replaced intravenously. An
adequate amount of the appropriate fluid (e.g., isotonic, hy-
pertonic, hypotonic, or colloid) should be administered prior 
to induction of anesthesia. Recommended preanesthetic PCVs
for dogs and cats are at least 30% to 34% and 25% to 29%, re-
spectively. PCV will likely decrease after anesthetic induction,
because of the vasodilatory effects of the anesthetic drugs, de-
pressed compensatory reflexes, intravenous (IV) fluid admini-
stration, and surgical blood loss.1 If the PCV is less than 25%,
bovine hemoglobin glutamer 200 (Oxyglobin; Biopure, Cam-
bridge, MA), whole blood, or packed red blood cells should be
administered prior to the administration of any anesthetic drugs.
Cardiac arrhythmias should be evaluated and treated, if neces-
sary, prior to anesthesia and surgery. Hypothermia can be cor-
rected by providing an external heat source, pain is managed with
analgesic drugs, and acid-base or electrolyte abnormalities are
addressed.

Food should be withheld for at least 8 h before anesthesia, but
water can remain available until 2 h prior to administration of
preanesthetic drugs.2 This regimen will help avoid regurgitation
of foodstuff, decrease gastric acidity, and minimize dehydration.
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Premedication
Drugs are given prior to induction of anesthesia in order to pro-
duce mild sedation, decrease anxiety, provide analgesia, improve
muscle relaxation, decrease salivary and respiratory secretions,
and suppress vomiting and regurgitation. Additional reasons to
use preanesthetic drugs include possibly reducing unwanted
anesthetic effects by decreasing doses of induction and mainte-
nance drugs, providing smooth anesthesia induction and recov-
ery, and contributing to postoperative analgesia. Moderate dosing
is usually preferable to the administration of a large dose of a sin-
gle drug. Commonly used classes of preanesthetic drugs include
antimuscarinics, benzodiazepines, opioid analgesics, pheno-
thiazine tranquilizers, �2-adrenergic agonists, and dissociatives.

The antimuscarinics, atropine and glycopyrrolate, can be used
to decrease salivary secretions and to treat vagally mediated
bradycardia associated with anesthetic and anesthetic-adjunctive
drugs. Antimuscarinic administration should be avoided in pa-
tients with tachyarrhythmias and in patients with glaucoma or
keratoconjunctivitis sicca. Antimuscarinics decrease tear forma-
tion and relax the iris sphincter muscle, causing mydriasis.
Antimuscarinics may also increase the viscosity of respiratory
secretions and should be used with caution in patients with pul-
monary infections. However, muscarinic receptor block may fa-
cilitate bronchodilation and may improve some indices of respi-
ratory function when conditions such as asthma are present.

Atropine is a small, unionized molecule that crosses the
blood–brain and placental barriers. Though rare, overdose may
cause seizures or altered mentation. The effect of atropine lasts
approximately 1 h. Glycopyrrolate is a large, ionized molecule
that does not cross the blood-brain barrier or placenta in signifi-
cant quantities. It is less likely to induce tachyarrhythmias than is
atropine, and overdose will usually not cause central nervous sys-
tem toxicity. Vagal inhibition induced by glycopyrrolate lasts 2 to
3 h, and secretions are decreased up to 7 h.

The benzodiazepines, diazepam and midazolam, which are
often used in compromised or geriatric patients, have minimal ef-
fect on cardiovascular function and have no useful analgesic ac-
tivity. Both drugs are reversible with the benzodiazepine receptor
antagonist flumazenil. Diazepam is supplied in a propylene-
glycol vehicle, and uptake of diazepam after intramuscular (IM)
or subcutaneous (SC) injection is slower and unpredictable.
Diazepam should be administered slowly intravenously because
the propylene glycol can cause pain, hemolysis, thrombophle-
bitis, and cardiotoxicity if administered rapidly.3 Diazepam can-
not be physically mixed with water-soluble drugs without risk of
precipitate formation. It also begins to adsorb into plastic within
a few minutes of contact, resulting in the appearance of de-
creased potency. In contrast, midazolam is in an aqueous vehicle
and can be administered SC or IM with rapid and complete up-
take and minimal pain on injection.

The addition of an opioid analgesic to premedication combina-
tions in orthopedic patients will enhance sedation, enable a de-
crease in maintenance drugs, and contribute to, but not replace,
postoperative analgesia. Opioids commonly used in IM or SC
preanesthetic drug combinations for patients with orthopedic

pain include oxymorphone, hydromorphone, morphine, and bu-
prenorphine. Oxymorphone, hydromorphone, and morphine are
full µ-receptor agonists and may be most effective for patients
experiencing, or anticipated to experience, moderate to severe
perioperative pain. They provide excellent analgesia and may
have useful sedative properties. The µ opioid agonists may pre-
cipitate panting, which is seldom problematic.

Buprenorphine is usually classified as a partial µ, �, and ORL-
1 (nociceptin) opioid receptor agonist and a � opioid receptor an-
tagonist.4,5 Buprenorphine binds with high affinity to all opioid
receptors, providing a longer analgesic effect (approximately 6 to
8 h). Buprenorphine may be effective in the treatment of mild to
moderate pain, but is usually a less effective analgesic than the
pure µ agonists for severe pain. Butorphanol is usually classified
as a partial µ antagonist and a � and � agonist.6 Butorphanol has
a brief analgesic action, particularly in dogs, and is usually only
effective against mild pain. Both butorphanol and buprenorphine
can antagonize µ receptor–mediated actions of oxymorphone, hy-
dromorphone, or morphine. However, the net effect of combina-
tions of opioids on analgesia may be a function of dose or route
of administration. Butorphanol has better sedative properties than
buprenorphine. It is the authors’ opinion that butorphanol is inap-
propriate for managing the pain intensity experienced by most or-
thopedic patients. These patients would be better served by choos-
ing an opioid with greater analgesic efficacy.

Arguably, the most commonly used phenothiazine tranquilizer
in veterinary medicine is acepromazine. Its onset of action is 30
to 60 min after SC or IM injection. Acepromazine has no inher-
ent analgesic effects, but may potentiate opioid analgesia.
Acepromazine has �1-adrenergic antagonist properties and may
cause vasodilation and hypotension. Tranquilization can be over-
ridden by stress or excitement and should not be solely relied on
for chemical restraint. Acepromazine predisposes patients to hy-
pothermia, may potentiate organophosphate toxicity and anes-
thetic hypoventilation, and can increase vagal tone, resulting in
bradycardia.7 It may also cause splenic sequestration of circulat-
ing erythrocytes, resulting in rapid decreases of PCV by up to
50% within 30 min of administration.7

The use of epinephrine to treat hypotension or cardiac arrest is
relatively contraindicated when acepromazine overdose has oc-
curred. �-Adrenergic blockade along with ß2-adrenergic ago-
nism results in paradoxical vasodilation and additional cardio-
vascular collapse (i.e., epinephrine reversal).7 The most effective
treatment for phenothiazine overdose is aggressive IV fluid ad-
ministration and vasoconstrictors with minimal ß2-adrenergic ag-
onist activity, such as phenylephrine, ephedrine, or norepineph-
rine. After fights, trauma, or other stressful incidents, patients
that have increased amounts of circulating endogenous cate-
cholamines may also experience cardiovascular collapse because
of epinephrine reversal and are not good candidates for pheno-
thiazine administration. Acepromazine should be used with cau-
tion in patients with cardiac dysfunction, decreased cardiac re-
serve, hepatic dysfunction, or general debilitation, and in
pediatric and geriatric patients. It has been considered by many
as contraindicated in patients with a history of seizure activity. It
should not be used in patients exhibiting signs of shock, trauma,
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hypovolemia, or organophosphate toxicity. Clinically used doses
of acepromazine are not consistent with the label dose and gen-
erally are approximately one-tenth the recommended label dose.

�2-Adrenergic agonists (e.g., medetomidine and xylazine)
may be used in preanesthetic drug combinations. Unlike phe-
nothiazines, �2-adrenergic agonists have both profound sedative
and mild analgesic properties, with sedation lasting longer than
analgesia. All available �2-adrenergic agonists are reversible
with the selective �2-adrenergic antagonist atipamezole. The �2-
adrenergic agonists cause decreased insulin release, hyper-
glycemia, diuresis, and potentially vomiting. The sedative effects
can be overridden by pain, excitement, or stress. �2-Adrenergic
agonists may alter thermoregulation and, after high-dose admin-
istration, may make it difficult to raise peripheral veins for
catheterization. Patients given �2-adrenergic agonists may expe-
rience bradycardia, second-degree atrioventricular heart block,
muscle twitching (jactitations), prolonged sedation, and pale or
bluish mucous membranes. The effects on arterial blood pressure
depend on route of administration, dose, and species, but are gen-
erally biphasic with an initial period of vasoconstriction and hy-
pertension lasting 20 to 40 min, followed by a longer period of
vasodilation and hypotension. �2-Adrenergic agonists are ab-
solutely contraindicated in patients with shock, hypotension, se-
vere anemia, exercise intolerance, cardiac disease, increased af-
terload, or uncontrolled arterial hemorrhage. They are generally
contraindicated in patients with respiratory disease or pulmonary
dysfunction, hepatic disease, renal disease, debilitation, or stress
caused by heat, cold, fatigue, or extremely high altitude. The
onset of action of xylazine can be from 3 to 15 min, with seda-
tion lasting 1 to 2 h and analgesia lasting 15 to 30 min.8 Medeto-
midine is more specific for the �2 receptor compared with xy-
lazine, and sedation lasts approximately 2 to 4 h, with analgesia
lasting a considerably shorter time. Following IM injection of an
�2-adrenergic agonist, anesthesia should not be induced for ap-
proximately 20 min to allow maximal sedative and anesthetic
sparing effects to occur. Higher doses of medetomidine usually
do not increase sedation, but prolong the effect. Clinically useful
doses of medetomidine are considerably less than the labeled
doses, especially if combined with an opioid analgesic or benzo-
diazepine agonist.

Dissociative anesthetic combinations given in low doses have
been used as immobilization to facilitate catheterization or in-
duction of anesthesia. The proprietary combination of the disso-
ciative tiletamine and benzodiazepine zolazepam (Telazol) can
be used to premedicate dogs and cats. This drug combination
may provide enough sedation to decrease the dose of subsequent
anesthetics by 50% or more. Patients receiving this drug combi-
nation may experience vomiting, salivation, excess respiratory
secretions, muscle twitching or rigidity, dysphoria, and pain at
the injection site. Dogs may vocalize or experience erratic or pro-
longed recoveries. Telazol provides only mild somatic analgesia
and should not be used alone for procedures that precipitate mod-
erate to severe pain (i.e., orthopedic procedures).

There are many potential preanesthetic protocols. In general, the
combination of an opioid analgesic with a sedative-tranquilizer
produces the most reliable and predictable results. The addition of

glycopyrrolate (0.01 mg/kg) SC, IM, or IV, or atropine (0.04
mg/kg) SC or IM or 0.01 mg/kg IV, may be appropriate, especially
with protocols known to precipitate profound bradycardia.

General Anesthesia for Orthopedic
Procedures
Preanesthetic Management
General anesthesia is a reversible process that induces immobi-
lization, muscle relaxation, unconsciousness, and freedom from
pain. It is important to have all necessary drugs and equipment
ready in advance. This includes the appropriate breathing circuit,
correct-size endotracheal tube and reservoir bag, changing CO2
absorbent if necessary, checking the anesthesia machine and
breathing circuit for leaks, and ensuring an adequate oxygen 
and anesthetic supply. Being prepared for any complication be-
fore drug administration is the key to successful anesthetic ad-
ministration.

Placement of an IV catheter is recommended for all patients
undergoing general anesthesia. Use the largest bore possible to
enable rapid infusion of fluids and drugs in an emergency. Fluids
may be bolused to dehydrated patients at this time. Other support
prior to anesthetic induction includes preoxygenating patients via
facemask for 1 to 2 min. This creates an increased oxygen partial
pressure in the functional residual capacity, allowing more time
for intubation before hemoglobin desaturation occurs. The appli-
cation of sterile eye ointment will aid in keeping the cornea moist
during anesthesia. It is best to avoid the use of triple-antibiotic
eye ointments in feline patients because there have been some re-
cent reports of anaphylactic reactions.9 The operating room and
prep tables should be padded appropriately, and an external heat
source should be supplied. Checking MM color, CRT, heart rate,
and respiratory rate prior to anesthesia enables the recognition of
unwanted side effects from preanesthetic drugs.

Induction
Induction of general anesthesia in orthopedic patients is best ac-
complished using injectable drugs. Injectable inductions are pre-
ferred because they allow a more rapid loss of consciousness,
less patient struggling, earlier control of the airway, and less
danger of injury to the patient and staff. Popular drugs for IV
induction include propofol (2 to 4 mg/kg IV), thiopental (5 to 15
mg/kg IV), and the combination of diazepam and ketamine.
Induction doses will vary with the general health and age of the
patient. Administration of preanesthetics can considerably re-
duce induction dose requirements. Ketamine causes a central
release of catecholamines resulting in tachycardia, increased
cardiac output, and increased blood pressure. However, in
catecholamine-depleted patients, ketamine may act as a direct
myocardial depressant and decrease cardiac output.

Immediately after anesthetic induction, an endotracheal tube is
placed and the cuff inflated. Avoid overinflation of the endotra-
cheal tube cuff to avoid tracheal crush injury or tracheal rupture.
The patient’s respiratory rate, heart rate and rhythm, MM color,
CRT, and other parameters are checked immediately after induc-
tion and at intervals of 5 min or less. In animals with lung injury
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caused by trauma, pneumothorax can occur as a consequence of
positive-pressure ventilation during anesthesia. When a pneu-
mothorax is anticipated or is present, placement of a chest-
drainage catheter shortly after induction allows management of
what might be an anesthetic emergency during the surgical pro-
cedure. If not needed, the catheter is removed prior to recovery.

Anesthesia Maintenance
Orthopedic procedures are usually longer than 30 to 45 min, and
inhalant anesthetics are preferred to injectable drugs for proce-
dures of this duration. Isoflurane, halothane, sevoflurane, or des-
flurane can be used. All inhalant anesthetics cause some degree
of vasodilation, hypotension, myocardial depression, and respira-
tory depression, necessitating appropriate anesthetic monitoring
and intraoperative adjustments. Other effects may include post-
operative nausea, vomiting, ileus, and cardiac arrhythmias.

Analgesic and Adjunctive Techniques
Orthopedic pain is typically classified as severe, and patients
with orthopedic injuries are at risk of becoming chronic pain pa-
tients. Aggressive pain management at the time of initial injury
or surgery helps to prevent progression to chronic pain.10 In par-
ticular, patients undergoing procedures that involve severing
large portions of muscles and large nerves, such as leg or tail am-
putation, require local anesthetic blockade of nociceptive im-
pulses to the spinal cord. Chronic pain patients undergoing sur-
gery to correct orthopedic disease may already have sensitized
central nervous systems, thus requiring adjunctive techniques to
manage their pain. Techniques used to provide additional analge-
sia for orthopedic patients include preoperative administration of
nonsteroidal anti-inflammatory drugs (NSAIDs) if no contraindi-
cation to their use is present, ongoing provision of opioid anal-
gesics by using transdermal patches, IV administration of opioid
analgesics given as repeated bolus injections or as a continuous
infusion, local anesthetic techniques, and epidural administration
of analgesic drugs. Ketamine IV continuous-rate infusions
(CRIs) with opioids and/or lidocaine have been described. Ad-
junctive analgesic techniques will decrease overall anesthetic re-
quirement hopefully lessening the incidence and severity of un-
wanted side effects. Ongoing administration of sedatives, such as
midazolam by CRI, may also allow for a reduction in the concen-
tration of inhaled anesthetic gases.

Risks associated with preoperative NSAID administration in-
clude increased bleeding and exacerbation of renal disease.11,12

Preoperative NSAID administration should therefore be limited
to well-hydrated healthy patients, with normal coagulation and
hemostasis parameters, that are at minimal risk of developing hy-
potension during the surgical procedure. IV fluids should be ad-
ministered and blood pressure monitored in all patients given a
preoperative NSAID.

Ongoing administration of opioid analgesics throughout the
surgical procedure provides additional intraoperative and postop-
erative analgesia. Fentanyl can be administered as an IV CRI
throughout surgery. A loading dose of 5 to 20 µg/kg is given
slowly, followed by 0.3 to 0.7 µg/kg/min. Fentanyl patches are
not generally relied on for intraoperative and immediate postop-

erative opioid delivery, but if used for this purpose, the patch
should be placed on the animal at least 12 h before the start of
surgery. The location of the patch is selected so that the patch
will not come into direct contact with a heating pad during sur-
gery, because heat can increase the absorption of fentanyl.
Longer-acting opioids, such as oxymorphone or hydromorphone,
can be administered in repeated IV bolus doses of 0.05 to 0.1
mg/kg, as needed. The effects of buprenorphine last 6 to 8 h;
thus, repeated administration during surgery is usually not neces-
sary if buprenorphine is given as a premedication.

Local anesthetic blocks are often used to inhibit nociceptive
input to the central nervous system during surgical manipulations.
Blockade of the infraorbital or maxillary nerve can be used when
performing procedures that involve the maxilla. The mandibular
nerve can be blocked when procedures involve the mandible. The
foot can be desensitized by several techniques: ring block, blocks
of the radial, median, and ulnar sensory nerves, and IV regional
anesthesia (i.e., Bier block). The front limb can be desensitized
from the elbow distally by performing a brachial plexus block.
When amputating a body part, nerves are blocked with long-
acting local anesthetics (e.g., bupivacaine) prior to being severed.

Lumbosacral epidural administration of opioids can be used
for both forelimb amputations, which are at risk of causing
chronic ghost pain, and for rear-limb procedures. Morphine alone
is used for forelimb procedures, because it is water soluble and
will travel cranially. Opioids are typically combined with long-
acting local anesthetics to provide sensory blockade for hind-
limb, pelvic, and tail procedures.

IV infusions of midazolam can increase muscle relaxation and
decrease the amount of inhalant anesthetic drug necessary to
maintain surgical anesthesia. The loading dose of midazolam is
approximately 0.1 mg/kg IV followed by a CRI of 0.5 to 1.5
µg/kg/min IV. Midazolam has fewer cardiovascular depressant
effects when compared with inhalant anesthetics. Patients with
unstable cardiovascular function may benefit from decreased in-
halant anesthetic doses.

Monitoring
Merril C. Sosman once stated, “You see only what you look for.
You recognize only what you know.”13 Patient monitoring re-
quires the use of one’s eyes, ears, and hands in addition to elec-
tronic monitors. Monitoring heart rate, pulse, MM color, CRT,
chest excursions, reservoir-bag movement, depth of anesthesia,
and pulse quality is easily accomplished and gives vital clues as
to how well patients are maintaining normal physiology.
Electronic monitors that can be used to evaluate patient physiol-
ogy under anesthesia include Doppler ultrasound, oscillometric
and direct arterial blood pressure monitors, electrocardiogram
monitors, pulse oximeters, thermometers, respiratory gas moni-
tors, and blood chemistry analyzers.

The three most common unwanted side effects of anesthetic
drugs are hypotension, hypothermia, and hypoventilation.
Hypotension is present when mean arterial blood pressure in
dogs falls below 70 mm Hg, or when systolic arterial blood pres-
sure falls below 90 mm Hg in dogs and 100 mm Hg in cats.14 The
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most common causes of hypotension in orthopedic patients are
relative or absolute hypovolemia and drug effects. Therapies for
hypotension include decreasing the depth of anesthesia, increas-
ing the administration rate of IV fluids from maintenance levels
(10 to 20 mL/kg/h) to as much as 90 mL/kg/h (for limited peri-
ods), and supporting circulation by the administration of in-
otropic drugs and vasopressors. Dopamine may be administered
as a constant rate infusion at 2 to 5 µg/kg/min or dobutamine at
5 to 20 µg/kg/min. Alternatively, ephedrine may be given as an
IV bolus of 0.1 to 0.25 mg/kg.

Temperature is easily monitored using a handheld thermome-
ter or integrated temperature probe attached to a multiparameter
monitor. Due to muscle relaxation, rectal temperature may be as
low as 1°C (2°F) less than core body temperature. Hypothermia
can be slowed or reversed by providing an external heat source.
Desirable heat sources include circulating hot-water blankets,
hot-water bottles, forced hot-air blankets, and resistive heating
units with temperature control probes. Care should be taken to
avoid thermal burns when placing plastic or metallic objects near
the heat source and patient. Patients can also be warmed by ad-
ministering warmed IV or lavage fluids, wrapping the extremities
in an insulator-like bubble wrap, avoiding evaporative cooling by
not prepping with alcohol, and keeping ambient temperatures
warm. Dangerous methods of warming patients include the use
of electric heating pads and infrared lamps, because of the in-
creased risk of thermal injury. Hyperthermia is treated by remov-
ing heat sources, cooling the patient with alcohol or cool-water
baths, and the administration of cool IV fluids. It is important to
rule out malignant hyperthermia in patients that may be predis-
posed to this syndrome. It is not uncommon for Nordic breeds to
become hyperthermic under anesthesia without the severe elec-
trolyte imbalance that occurs with malignant hyperthermia syn-
drome. Cats may develop hyperthermia in response to higher
doses of some opioids.15

Adequacy of ventilation may be assessed by observing move-
ment of the reservoir bag for adequate inspiratory volume or, bet-
ter, by monitoring end-tidal carbon dioxide (ETCO2). Capno-
meters or capnographs are more useful than pulse oximetry for
early detection of hypoventilation because arterial carbon diox-
ide, and therefore ETCO2, will elevate due to hypoventilation be-
fore hemoglobin will desaturate, especially in patients breathing
100% oxygen. Additionally, pulse oximeters do not assess blood
pressure and become inaccurate in the presence of hypotension,
vasoconstriction, anemia, and pigmented tissues. Pulse-oximeter
probes may compress vascular beds in small patients and may
need to be moved periodically.

Supportive Care
It is vital to patients undergoing long periods of orthopedic repair
that physiological parameters are maintained as close to normal
as possible during the perianesthetic period. This mandates good
supportive care for all patients undergoing surgery. As stated pre-
viously, supportive care includes the use of IV fluids to aid cir-
culating blood volume to vital organs, provision of an external
heat source to prevent hypothermia, assisted or mechanical ven-
tilation in those patients with inadequate spontaneous ventilation,

proper patient positioning in natural anatomical alignment, and
correction of specific physiologic derangements.

IV fluids will replace fluid losses and fill the increased vascu-
lar space that results from vasodilation induced by anesthetic
drugs. Indications for fluid therapy include hypotension, de-
creased oxygen delivery, hypovolemia, dehydration, electrolyte
disorders, metabolic disorders, and acid-base disturbances. Fluid
selection is based on an individual patient’s needs. Isotonic crys-
talloids are used to replace fluid from dehydration (e.g., preanes-
thetic fasting), hypovolemia, vasodilation, and hypotension, for
normovolemic hemodilution, and to maintain plasma volume and
promote renal blood flow and urine production. Approximately 4
L of isotonic crystalloid are needed to increase plasma volume by
1 L.1 Isotonic crystalloids should be administered by a constant
infusion because they are redistributed into the interstitial space
within 30 to 60 min. They are recommended for all anesthesia
patients at maintenance rates of 10 to 20 mL/kg/h and should be
warmed to body temperature before administration. In hypoten-
sive patients, boluses of 10 to 20 mL/kg can be administered in
an attempt to increase blood pressure; however, boluses should
not exceed a total volume of 90 mL/kg/h or decrease the PCV
below 25%. Examples of isotonic crystalloids are Normosol-R,
Isolyte-S, Plasmalyte 148, 0.9% NaCl, and lactated Ringer’s
solution.

Colloids are indicated in hypovolemia, hypotension, hypoal-
buminemia, and for isovolemic hemodilution. They are distrib-
uted only within the plasma; therefore, it takes only 1 L of col-
loid to increase plasma volume by 1 L. The effect of most
colloids lasts between 3 and 24 h. Examples of colloid fluids in-
clude dextran 40, dextran 70, hydroxyethyl starch, gelatin, albu-
min, plasma, and Oxyglobin. Synthetic colloids such as dextrans
and hydroxyethyl starch may affect coagulation and should be
administered judiciously in animals with the potential for ongo-
ing hemorrhage. Polymerized hemoglobin solutions (i.e., Oxy-
globin) can be used to replace intraoperative blood loss without
delay for crossmatching, but have been associated with systemic
hypertension and increased free-radical production.16,17 Rapid
administration of large doses of colloids in cats can lead to pul-
monary edema and pleural effusion. Perhaps the best use of col-
loids is to administer lower doses (5 mL/kg) to reduce the
amount of crystalloid fluids needed to maintain blood pressure
and oxygen delivery.

Blood-replacement products should be considered if intraoper-
ative hemorrhage is greater than 10% of total blood volume or
PCV falls below 20%. Blood volume in dogs is approximately
8% to 10% body weight and in cats is 6% of body weight.1

Estimating blood loss can be difficult. A commonly used rule of
thumb is that one soaked 3 � 3-inch gauze holds 10 mL and ten
soaked Q-tips hold 1 mL. Evaluating the PCV of fluid in the suc-
tion bottle can also guide an estimate of blood loss. The blood on
drapes, surgeon gown and gloves, table, and floor must also be
taken into account. If there is a question as to when critical blood
loss is occurring, measure the patient’s PCV intraoperatively and
treat accordingly. For an accurate measurement, take blood for
the PCV directly from a peripheral vein and do not dilute the
sample with excess heparin or EDTA.
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Proper patient positioning and padding is important, especially
during long procedures, in arthritic patients and patients with in-
tervertebral disk disease. Patients should be positioned to main-
tain normal anatomical alignment, and large muscle groups
should be well padded. It is important to avoid unnecessary stress
on joints and to roll patients with the spine aligned. When rolling
patients, the endotracheal tube should be disconnected to avoid
tracheal mucosal damage caused by twisting of the tube.
Occasionally, the tube can be occluded if it is twisted.

Recovery
Pain can have severe detrimental effects within the postoperative
period. Effects include delayed or poor wound healing, increased
incidence of infection or sepsis, increased incidence of tumor
metastasis, cardiovascular stress or compromise, increased me-
tabolism with a negative energy balance, increased tissue catab-
olism, and a prolonged convalescence.18 Therefore, it is essential
to provide adequate pain relief to all orthopedic patients even
though they may not show outward signs of pain or distress.

Some techniques for providing postoperative analgesia require
preoperative and intraoperative planning. Fentanyl patches are
best placed before surgery, because therapeutic levels of fentanyl
will not be present until 8 to 12 h after placement. Provision of a
wound infusion catheter for ongoing administration of local
anesthetics into the wound requires placement of the catheter
during surgery (Box 50.1). Single intra-articular injections of
local anesthetics, morphine, and/or ketamine are performed at
the conclusion of the surgical procedure. Placement of an
epidural catheter for management of severely painful patients is
best performed while the animal is still anesthetized.

Patients that awaken and are dysphoric may risk reinjuring the
surgical site. They may need a tranquilizer to calm them and to
potentiate analgesic drugs. Acceptable postoperative tranquiliz-
ers include diazepam, midazolam, medetomidine, or acepro-
mazine at low doses. Most orthopedic patients require systemic
opioid analgesics for at least 24 h after surgery (Table 50.1).
Typical regimens include IV CRI of morphine, hydromorphone,
or fentanyl, or periodic IV injections of oxymorphone, hydro-
morphone, or buprenorphine. The IV CRI of a mixture of mor-
phine (3.3 µg/kg/min), lidocaine (50 µg/kg/min), and ketamine
(10 µg/kg/min) provides excellent analgesia in dogs.19 Wound in-
fusion catheters can also provide excellent analgesia for cats and
dogs undergoing major surgery.

Continuing to provide adequate padding, an external heat
source, and a quiet environment are all essential for a smooth and
uneventful recovery. Physiological monitoring should be contin-
ued during the postoperative period until patients are awake,
aware, responsive, and resting quietly. Physical therapy is begun
in the immediate postoperative period to reduce swelling and
pain and to maintain range of motion in the joints operated on.

Patients are transitioned to oral analgesic drugs for discharge
to the owner’s care. Orthopedic patients are typically given anal-
gesics for at least 1 week after surgery, and often for much longer
periods. If analgesic requirements suddenly change, or are pro-
longed, the surgery site should be reassessed to rule out reinjury,
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Wound infusion catheters are sold commercially (ON-Q Soaker
Catheter; I-flow, Lake Forest, CA) . Commercially available
catheters are associated with less liability. Homemade medical
devices carry additional risks and liabilities for veterinarians. In
an emergency, a homemade catheter can be made from the
following materials:

1 Five French 16- to 22-inch red rubber catheters
1 Insulin syringe with a 27- to 28-gauge needle
1 Empty sterile 3-mL syringe
1 Cigarette lighter
1 Sterile mosquito forceps
1 Sterile scissors
1 Injection cap
6 4 � 4-inch gauze sponges
1 Syringe loaded with slightly more than 1 mg/kg 0.25% 

bupivacaine (0.5 mg/kg for cats)

This catheter may be made in advance and then sterilized, or
made up while you are gowned and gloved for surgery. Using
sterile technique, cut the end off the red rubber catheter, re-
moving its side holes. Clamp the cut tip within the jaws of the
mosquito forceps and apply (or if you are gloved in, have your
assistant hold the lighter) flame to the jaws of the forceps to 
heat them to a temperature that melts and seals the end of the
catheter. Take care to avoid flaming the catheter, because the
rubber will singe and turn black. One trick is to begin gently rock-
ing the hemostat to cause the tubing to swing back and forth;
when sufficiently heated, it will break off easily. In most instances,
the tip will be effectively sealed. Once heating is complete, re-
move the forceps and attempt to inject some air into the catheter
with the empty sterile syringe. If it is sealed correctly, the syringe
plunger will bounce back after you attempt to push in some air.
Next, place the catheter on a stack of five 4 � 4-inch gauze
sponges and poke holes in it with the insulin syringe’s needle.
Beginning 0.5 cm back from the sealed tip, and spacing the holes
no more than 0.5 cm apart, stab all the way through the center of
the catheter so the needle enters the sponges underneath (the
sponges keep the needle from puncturing through your tray
drape). Work your way up the catheter, rotating it as you go to
each new spot to avoid having all the holes in a row. Create a
section of punctures long enough to cover the entire wound, plug
the luer end of the catheter with the injection cap, and prime the
system with bupivacaine. When properly made, the catheter will
leak droplets of anesthetic along the entire working surface.
Place the catheter in the deepest layer of the wound and make
sure to position a portion of it over any transected large nerves.
Don’t anchor it firmly with any sutures. If the closed wound will
be wider than 1 inch on either side of the catheter, it may help to
place two or more, running in parallel to each other, to help dis-
tribute the anesthetic over a larger surface area. The catheter(s)
should exit from the most dorsal part of a wound on the side of
the body or from one end of a long horizontal incision. Close the
wound and administer the local anesthetic. If using 0.25% bupi-
vacaine, administer 2 mg/kg or less, repeat the injection at 6- to
8-h intervals for as long as needed (usually 1 to 3 days), and then
pull the catheter. In cats, give 0.5 mg/kg every 6 to 8 h, with a
total daily dose < 2 mg/kg. Intermittent administration should be
performed by injecting through an injection cap attached to the
luer adapter. An in-line bacterial filter (e.g., Acrodisc; Pall
BioPharmaceuticals, East Hills, NY) further reduces the risk of
contamination.



1015

Table 50.1. Analgesic drugs used in dogs and catsa.

Drug Dose for Dogs (mg/kg) Dose for Cats (mg/kg)

Acetaminophen 10–15 PO q 8 h for 5 days Toxic
Long-term therapy: �10 q 8 h

Acetaminophen (300 mg) + Acute pain: 5–10 of acetaminophen Toxic
codeine (60 mg) (=1–2 of codeine) q 8

Amantadine 3 PO q 24 3 PO q 24
Aspirin 10 PO q 12 h, not near surgery 10 PO q 48–72 h, not near surgery
Bupivacaine 0.5% solution Up to 2, at site q 4–6 h Up to 1, at site q 4–6 h

Maximum is 6 on day 1, 4/day thereafter Maximum is 2/day
Bupivacaine (preservative-free 1 mL/5 kg epidural q 4–6 h Epidural not recommended

0.25% solution)
Buprenorphine 0.01–0.03 IM, IV, SC q 6–8 h 0.01–0.03 IM, IV, SC q 6–8 h

0.01–0.03 PO q 6–12 h
Butorphanol Not recommended 0.2–0.4 IV, IM SC q 2–4 h

0.5–1.0 PO q 6–8 h
Carprofen 2 PO, SC, IV q 12 h or 4 PO, SC, IV q 24 h 1–4 PO, SC, or IV once
Deracoxib 3–4 q 24 h Not recommended

1–2 q 24 for chronic use
Etodolac 5–15 PO q 24 h Not recommended
Fentanyl, injectable 2–5 µg/kg/h IV 2–5 µg/kg/h IV
Fentanyl, transdermal Patch to provide 2–5 µg/kg/h 25-µg patch; in small cats, cover half the patch
Gabapentin 1.25–10.0 PO q 24 1.25–10.0 PO q 24
Glucosamine and chondroitin sulfate 13–15 chondroitin sulfate PO q 24–48 h 15–20 chondroitin sulfate PO q 24–48 h
Hydromorphone or oxymorphone 0.05–0.2 IV, IM, SC q 2–4 h or 0.05 mg/kg/h IV 0.02–0.05 IV, IM, SC q 2–4 h
Ketamine (to prevent central 0.5–2.0 IV bolus, then 1–2 mg/kg/h 0.5–2.0 IV bolus, then 1–2 mg/kg/h

sensitization)
Ketoprofen 1–2 IV, SC q 24 h for 3 days, or 1 PO q 24 h 0.5–1.0 IV, SC q 24 h for 3 days, or 0.5–1.0 

for 5 days PO q 24 h for 3 days
Lidocaine 1%–2% solution Up to 7, at site q 1–2 h or 1–2 mg/kg/h CRI IV Up to 2, at site, q 1–2 h; IV not recommended; 

or into wound or 0.5 mg/kg/h into wound
Lidocaine 5% topical patch (Lidoderm) Applied to affected area of skin per label Safety is unclear in cats

directions
Medetomidine (adjunct to opioid) 0.001–0.005 IV, IM 0.001–0.005 IV, IM
Meloxicam Acute pain: Acute pain:

�0.2 PO IV SC once, then �0.1 q 24 h �0.1 PO IV SC once, then �0.05 PO q 24 h 
for 3 days

Long-term therapy: �0.1 q 24 h Long-term therapy: �0.02 q 48–72 h
Methadone 0.5–2.2 SC, IM, 0.1–0.5 IV 0.1–0.5 SC, IM, 0.05–0.1 IV
Morphine 0.05–1.0 IV q 1–4 h 0.02–0.1 IV, q 1–4 h

0.1–0.5/h IV infusion
0.2–2.0 IM, SC q 2–4 h 0.2–0.5 SC, IM q 3–4 h
0.5–1.0 PO q 6–8 h 0.2–0.5 PO q 6–8 h (in capsule)

Morphine (preservative free) 0.1 epidural q 8 h 0.1 epidural q 8 h
0.05 spinal q 8 h 0.05 spinal q 8 h

Naproxen 2 PO q 48 h Toxic
Piroxicam 0.3 PO q 48 h Controversial
Polysulfated glycosaminoglycan 5 IM weekly No established dose, dog dose used by some
Prednisolone 0.5–1.0 PO q 12–24 h, taper to q 48 h 2 PO q 12–24 h, taper to q 48 h
Tepoxalin 10 PO q 24 h Not recommended
Tramadol 2–5 PO q 8–12 h No established dose, dog dose used by some
Xylazine (adjunct) 0.05–0.1 IV 0.05–0.1 IV

aAll drugs are available in the United States. Not all drugs are approved for use in dogs and cats. CRI, continuous-rate infusion; IM, intramuscular; IV, intra-
venous; PO, per os (oral); and SC, subcutaneous.



infection, or other surgical complications. Tramadol-NSAID
combinations, opioid-NSAID combinations, and NSAIDs alone
can all be acceptable choices for longer-term analgesic therapy
(Table 50.1). Transmucosal buprenorphine can be used in cats
(Table 50.1). To maintain patients on individualized, optimal
analgesic protocols, it is important to evaluate analgesic needs
and patient well-being often.

Long-Term Patient Management
Management of chronic orthopedic pain requires a partnership
between the veterinarian and the owner. The goal of long-term
pain management is to provide good quality of life. The owner
can be relied on to evaluate how well the animal is functioning
within its normal daily activities. Weight control and routine con-
trolled exercise, including physical rehabilitation, are essential
elements in the management of orthopedic disease and require an
ongoing commitment from the owner. Pharmacological ap-
proaches to chronic pain management involve a “stepladder” ap-
proach. After establishing a baseline pain-control regimen, addi-
tional drugs are added in to obtain better analgesia or to manage
progressively worsening pain. The owner must assess efficacy at
each step, using assessments that have been individualized for
the specific patient (can climb the three porch stairs, can get up
on the green couch, etc.). Nonpharmacological approaches to
treatment of chronic pain, such as rehabilitation therapy, acu-
puncture, or therapeutic massage, require a large time commit-
ment. Enrollment of the owner as a key element of the treatment
and assessment team helps to ensure optimal pain management.

In most instances, NSAIDs are the first-line drugs for the treat-
ment of orthopedic pain. Baseline serum chemistry and CBC
should be determined and urinalysis should be performed when
chronic dosing is anticipated or preexisting disease(s) are present.
Renal disease, liver disease, hyperadrenocorticism, ongoing corti-
costeroid therapy, and evidence of gastrointestinal bleeding or oc-
cult blood loss are contraindications to initiating NSAID therapy.
If there are no contraindications, an NSAID is chosen and a trial
period is initiated. If the animal tolerates the NSAID without ad-
verse effects, efficacy is evaluated by the owner. On a population
basis, there is no difference in efficacy between different NSAIDS,
but in individual patients efficacy can vary greatly.20 Adverse
events associated with NSAID therapy include inappetance, vom-
iting and diarrhea, acute idiosyncratic liver toxicity, perforating
duodenal ulcer, gastrointestinal hemorrhage, and renal disease.
Owners should be adequately informed of potential complications,
and the owner information handouts provided by pharmaceutical
manufactures should be given to owners when drugs are dispensed.

NSAIDs may be used intermittently in the early stages of or-
thopedic pain, particularly if a period of sustained activity is an-
ticipated. Once an animal is dependent on NSAIDs to maintain
normal daily movements, adjunctive drugs should be considered.
Tramadol and acetaminophen or acetaminophen with codeine
(dogs only) may be added at this stage.21 If there are contraindi-
cations to normal NSAID use, the adjunctive and opioid drugs
become the preferred treatment. Nondrug therapy (e.g., weight
control, ongoing rehabilitation medical therapy and exercise, use

of diets or dietary supplements containing anti-inflammatory
compounds, and acupuncture) is used to slow the progression of
pain and disability. As pain progresses, more potent opioids, such
as oral morphine, are initiated.22 If managed well, comfortable
and active lives can often be reestablished.
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Introduction
Diseases of the gastrointestinal tract are the most common causes
of colic that necessitates surgical correction. Intestinal displace-
ment or obstruction causes abnormalities in fluid and electrolyte
balance and renal function that predispose horses to risks of anes-
thetic overdose and circulatory failure during anesthesia. A seri-
ous consequence of intestinal hypoperfusion is endotoxemia that
induces adverse changes in cellular and cardiovascular system
function. Increased intra-abdominal pressure from intestinal dis-
tension causes lung collapse, hypercarbia, and hypoxemia in
anesthetized horses. Ventilation is further compromised by pneu-
mothorax in horses with concurrent diaphragmatic rupture.

Preanesthetic evaluation of each horse with colic is an essen-
tial component of case preparation to determine the horse’s fluid
requirements before induction of anesthesia, to anticipate and
plan for the most probable complications, and to assess the need
to adjust anesthetic dose rates. Administration of anesthesia must
incorporate flexibility and particular attention to physiological
monitoring devices to ensure timely and appropriate actions de-
signed to maintain physiological parameters within acceptable
ranges.

Impact of Endotoxemia on
Physiological Status
In equine veterinary practice, endotoxemia has been associated
with the diseases characterized by intestinal inflammation or is-
chemia. Based on several clinical studies, approximately 30% to
40% of horses presented to university hospitals with clinical
signs of colic have endotoxins in their circulation.1–4 Conse-
quently, endotoxemia is a common complicating factor in horses
being anesthetized for emergency abdominal surgery.

Endotoxin, which is a structural component of the outer cell
wall of Gram-negative bacteria, is comprised of a hydrophilic re-
gion and a hydrophobic region.5 The presence of the two regions
accounts for the formation of micellar aggregates when endotox-

ins enter biological fluids, such as plasma or peritoneal fluid. The
hydrophilic region of endotoxin consists of an inner core, an
outer core, and the O-specific polysaccharides. The polysaccha-
rides account for serotype specificity of endotoxins among dif-
ferent bacterial strains. The hydrophobic region, which includes
a unique fatty acid–rich portion termed lipid A, is responsible for
the majority of the deleterious effects caused by endotoxins.6,7

Because the core and lipid A regions of endotoxins have been
well conserved, these portions are used in vaccines designed to
generate antibodies to neutralize endotoxins from different
Gram-negative species.

A horse’s intestinal tract normally contains endotoxins as they
are released from Gram-negative bacteria when they die or mul-
tiply rapidly. These endotoxins are retained within the intestinal
lumen by the intestinal mucosal barrier, which is composed of
epithelial cells, their secretions, and resident bacteria.5 Some dis-
ease processes, such as intestinal ischemia or inflammation,
damage this mucosal barrier, allowing endotoxins to enter the
systemic circulation. Endotoxins also cross ischemic or inflamed
intestine and enter the peritoneal cavity, where they stimulate the
synthesis of inflammatory mediators. In at least one clinical
study of horses with colic, endotoxins and inflammatory media-
tors were detected more commonly in peritoneal fluid than in
plasma samples obtained from these horses.8

When endotoxins enter the circulation, they form aggregates,
which interact with a plasma protein named lipopolysaccharide
(LPS)-binding protein. LPS-binding protein is an acute-phase
protein synthesized by hepatocytes.9 LPS-binding protein trans-
fers individual endotoxin molecules from the endotoxin aggre-
gates to a cell surface receptor called CD14 on mononuclear
phagocytes. CD14 is a pathogen pattern recognition receptor that
identifies endotoxin as part of a pathogen. CD14 exists either as
a membrane-bound form or as a soluble form in biological fluids.
Soluble CD14 interacts with endotoxin and LPS-binding protein,
and then with cells, such as endothelial cells, that lack mem-
brane-bound CD14. This interaction renders the endothelial cells
responsive to endotoxins.10

Interaction among endotoxin, LPS-binding protein, and CD14
increases the sensitivity of cells to endotoxin. Although CD14
plays an important role in the cellular response to endotoxins,
this receptor lacks a transmembrane component and thus cannot
by itself activate the cell in response to endotoxin. In the late
1990s, biologists discovered a family of 10 receptor proteins,
called Toll-like receptors, that also are pathogen pattern recogni-
tion receptors. Unlike CD14, the Toll-like receptors have trans-
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membrane and intracellular components, allowing them to com-
municate between the exterior and interior aspects of the cell.11

Toll-like receptor 4 is responsible for delivery of the endotoxin
signal to the interior of the cell and is assisted in this function by
an associated protein called MD-2.12 Stimulation of Toll-like re-
ceptor 4 results in activation of genes encoding for inflammatory
mediators such as tumor necrosis factor � (TNF-�) and cy-
clooxygenase 2, as well as those encoding for anti-inflammatory
mediators such as interleukin 10.13

Serum concentrations of TNF-� increase shortly after in vivo
administration of endotoxin and correlate with hypotension, he-
moconcentration, metabolic acidosis, and disseminated intravas-
cular coagulation.14 TNF-� initiates these responses by increas-
ing the synthesis of other inflammatory mediators (including the
interleukins, eicosanoids, and tissue factor), stimulating the
acute-phase response and fever. Several clinical studies in horses
have revealed correlations between increases in serum concentra-
tions of TNF-� and prognosis for survival.15,16 Increased concen-
trations of TNF-� also have been documented in peritoneal fluid
from horses with naturally occurring intestinal diseases.8

Arachidonic acid, a 20-carbon fatty acid in cell membrane
phospholipids, is metabolized by cyclooxygenase to vasoactive
substances such as thromboxane A2 and prostaglandins I2, E2,
and F2�. There is considerable information regarding the cy-
clooxygenase metabolites of arachidonic acid, which mediate
many of the early hemodynamic effects of endotoxemia.17

Tissue factor, otherwise known as thromboplastin or procoag-
ulant activity, is a glycoprotein that is synthesized primarily by
monocytes and macrophages. Because tissue factor remains as-
sociated with the surface of these cells, it is exposed to coagula-
tion factor VII in plasma. As a result, cells that synthesize tissue
factor in response to endotoxin may become a focus for the for-
mation of microthrombi. Tissue factor activity increases in
equine monocytes exposed to endotoxin in vitro, in horses with
experimentally induced endotoxemia, and in horses with natu-
rally occurring diseases characterized by colic.18,19 In a clinical
study of horses with colic, the severity of the increase in tissue
factor activity correlated inversely with prognosis.19

In addition to the synthesis of proinflammatory mediators in
response to endotoxins, there is considerable evidence that the
synthesis and release of anti-inflammatory mediators also is in-
creased. The most widely studied of these anti-inflammatory me-
diators is interleukin 10, a cytokine that deactivates mononuclear
phagocytes and inhibits the synthesis of proinflammatory cy-
tokines.20 The results of studies in other species indicate that
neutralization of interleukin 10 increases both production of
TNF-� and lethality. There also is evidence indicating that sus-
ceptibility to infectious agents increases if the synthesis and re-
lease of anti-inflammatory mediators becomes the predominant
response.21

Preparation for Anesthesia
Preparation for anesthesia includes all the procedures imple-
mented for elective anesthesia, such as checking the anesthetic
and monitoring equipment, assembling anesthetic and emer-

gency drugs, and preanesthetic evaluation of the patient.
Preparation of the patient should include treatment of hypov-
olemia, critical electrolyte abnormalities, and severe metabolic
acidosis. Preanesthetic fluid therapy commonly includes infusion
of at least 20 mL/kg of balanced electrolyte solution to expand
circulatory blood volume. Horses with evidence of impaired car-
diovascular function, such as weak pulses and prolonged capil-
lary refill, given hypertonic (7.5%) saline before anesthesia, 2 to
4 mL/kg over 10 min, are less likely to develop hypotension im-
mediately after induction of anesthesia. It is important to infuse
balanced electrolyte in the following 1 to 2 h after hypertonic
saline administration to prevent dehydration. Hypocalcemia can
be treated with 23% intravenous (IV) calcium borogluconate, 0.5
mL/kg.

In addition to the aforementioned approaches to preparing pa-
tients for anesthesia and surgery, three additional therapeutic ap-
proaches should be considered when endotoxemia is suspected:
(a) minimizing the movement of endotoxin into the circulation,
(b) interfering with the interaction between endotoxins and the
inflammatory cells, and (c) preventing the synthesis, release, or
action of inflammatory mediators.

For horses with intestinal ischemia, the decision for surgery
must be made as early as possible to remove the affected intes-
tine and, hopefully, reduce the transmural movement of endo-
toxin across the damaged mucosa. Although the vast majority of
horses with endotoxemia are not bacteremic, some clinicians
elect to include antimicrobial agents in the treatment of horses
undergoing emergency abdominal surgery. Based on recent ex-
perimental studies with isolated equine leukocytes, killing of
Escherichia coli bacteria with ß-lactam antimicrobial agents sig-
nificantly increases both the release of endotoxin and cellular
synthesis of TNF-� when compared with the effects elicited by
amikacin or the combination of amikacin and ampicillin.
Consequently, it may be advantageous to administer polymyxin
B or serum containing antiendotoxin antibodies to neutralize en-
dotoxin when ß-lactam antimicrobials are used.22

Currently, two approaches are used in an effort to neutralize
endotoxin before it activates inflammatory cells. The first of
these involves administration of antibodies directed against the
conserved core and lipid A regions of endotoxin. Serum or
plasma products enriched in these antibodies are commercially
available and have been used in clinical and experimental trials
with conflicting results. In some studies, antiendotoxin antibod-
ies have been of benefit in experimental endotoxemia and in
horses with colic.23–25 The results of other studies have failed to
identify the same positive effects.26–28 A common treatment reg-
imen involves administration of 1.5 mL/kg IV of the antiendo-
toxin serum diluted at least twofold and preferably 10- to 20-fold
in balanced IV fluids. Controlled clinical trials with strict en-
trance criteria are needed to compare the efficacy of antiendo-
toxin antibodies and nonspecific immunoglobulins. In such trials,
the treatments would have to be instituted as early as possible in
the course of the disease to give this method of treatment an op-
portunity to be successful.

Alternatively, polymyxin B, an antibiotic that binds tightly with
lipid A, may be used to prevent endotoxin from interacting with
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the horse’s inflammatory cells.26,29 Although many clinicians
initially expressed concern about the known toxic side effects of
this drug, it appears that the concentrations needed to bind endo-
toxin are far less than those that cause the toxic effects. As a re-
sult, polymyxin B has been evaluated in several experimental
studies and currently is being used in clinical cases. Based on the
results of those studies, polymyxin B is used at 1000 to 5000
units/kg two to three times daily.26,30 It also has been recom-
mended that particular attention be paid to maintaining fluid-
replacement therapy and periodic monitoring of serum creatinine
concentration.30

A mainstay in the treatment of endotoxemia is the administra-
tion of drugs that interfere with the synthesis of inflammatory
mediators. Currently, the most common types of drugs used for
this purpose are the nonsteroidal anti-inflammatory drugs
(NSAIDs). NSAIDs exert their beneficial effects by inhibiting
cyclooxygenase, the enzyme responsible for generation of
prostaglandins and thromboxanes.31 These arachidonic acid
metabolites have been associated with many of the early hemo-
dynamic responses to endotoxin. Of the two primary cyclooxy-
genase isoforms, it appears that the inducible isoform (cyclooxy-
genase 2 [COX-2]) is responsible for the increased synthesis of
prostanoids in response to inflammatory stimuli, such as endo-
toxin.32 The constitutive isoform (COX-1) is more responsible
for maintaining mucosal and renal blood flow.33 The results of
studies comparing nonselective NSAIDs indicate that flunixin
meglumine and ketoprofen are most effective at preventing endo-
toxin-induced synthesis of prostaglandins and thromboxane and
clinical signs of endotoxemia. With the toxic side effects of
NSAIDs (gastrointestinal ulceration and renal papillary necrosis)
being of concern, a study was performed to determine whether a
reduced dosage of flunixin meglumine (0.25 mg/kg) might be ef-
fective in an experimental model of endotoxemia.34 As a result of
that study, use of this reduced dosage of flunixin meglumine has
become standard practice in many clinical settings. However, no
clinical studies have been performed to test whether this form of
treatment is efficacious or how long it should be continued after
surgery. With the development of new selective COX-2 in-
hibitors, it will be interesting to compare their effectiveness in
endotoxemic horses with naturally occurring gastrointestinal
diseases.

Pentoxifylline is another drug that has been used in the treat-
ment of endotoxemic horses. Although it reduced endotoxin-
induced production of cytokines, thromboxane, and expression
of tissue factor in studies in vitro, its beneficial effects in endo-
toxemic horses in vivo appear very limited.35 Additionally, only
slight benefits of either drug alone were detected when pentoxi-
fylline and flunixin meglumine were used in combination in a
study of experimental endotoxemia.36 However, because of its
reported ability to increase the erythrocyte deformability and, as
a result, improve microvascular blood flow, pentoxifylline is
used widely in horses with laminitis.37

Horses with colic that have clinical signs consistent with endo-
toxemia (i.e., alterations in mucous membrane color and capil-
lary refill time, decreased gastrointestinal sounds, increased heart
and respiratory rates, and evidence of dehydration) are candi-

dates for treatment. Although the primary goal should be to iden-
tify the underlying cause of endotoxemia, treatment usually must
be started before a definitive diagnosis can be made. In these sit-
uations, it is reasonable to administer flunixin meglumine and ei-
ther polymyxin B or antiendotoxin serum diluted in balanced IV
fluids. Many clinicians also treat horses with pentoxifylline in an
attempt to prevent acute laminitis.

Anesthetic Protocols
There is no universal choice of anesthetic agents for induction
and maintenance of anesthesia in horses with colic. This author’s
preference for premedication of adult horses is a combination of
xylazine (up to 1.1 mg/kg IV), butorphanol (0.02 mg/kg IV), and
diazepam (0.05 mg/kg IV), with ketamine (up to 2.2 mg/kg IV)
for induction of anesthesia. Anesthesia is maintained with isoflu-
rane or sevoflurane in oxygen with controlled ventilation.
Premedication may be considerably decreased or omitted if seda-
tives or opioids have been recently administered during the pre-
operative evaluation period. Romifidine or detomidine are other
sedatives that can be used as substitutes for xylazine. Small doses
of detomidine (0.004 mg/kg) can be used with reduced doses of
xylazine (up to 0.8 mg/kg) to increase the analgesia and sedation
over that usually provided by xylazine alone. Xylazine, romifi-
dine, and detomidine produce dose-dependent decreases in intes-
tinal motility; therefore, doses administered should be as low as
possible.

Horses with colic may become hypotensive for a variety of
reasons during anesthesia, including hypovolemia, acidosis, en-
dotoxemia, effects of anesthetic drugs, increased intra-abdominal
pressure, and aortocaval syndrome. Guaifenesin decreases mean
arterial pressure in proportion to the dose administered and,
therefore, lower-than-usual dose rates for guaifenesin should be
used for horses with colic when guaifenesin is included in the
anesthetic protocol. Guaifenesin is a useful muscle-relaxing drug
for induction of anesthesia in excited or violent horses because it
may facilitate tracheal intubation and transportation of the horse
to the surgery room. Unfortunately, even when blood pressure is
satisfactory immediately after induction of anesthesia when the
horse is in lateral recumbency, arterial pressure frequently de-
creases dramatically when the horse is turned onto its back for
hoisting or positioning on the surgery table. Horses that need im-
mediate induction of anesthesia because abdominal distension is
causing life-threatening hypoventilation and cardiovascular col-
lapse can be supported by infusion of dobutamine and nasal in-
sufflation of oxygen throughout induction. Rapid intubation and
controlled ventilation with oxygen are advisable before trans-
portation to the surgery room.

There are pronounced differences in cardiovascular function in
horses maintained under anesthesia with halothane or isoflurane.
Isoflurane anesthesia causes less depression of the cardiovascu-
lar system than does halothane, thereby allowing cardiac output,
arterial oxygen tension, and muscle blood flow to remain higher
during controlled ventilation.38–41 After anesthesia is discontin-
ued, the duration of recumbency is largely determined by the ad-
junct anesthetic agents administered, the temperament of the
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horse, and the features of the environment used for recovery
(e.g., pads, lighting, and sound). However, elimination of isoflu-
rane is more rapid than halothane, and this decreases the duration
of ataxia after standing. Sevoflurane is eliminated even more rap-
idly than isoflurane, and that may result in a better quality of re-
covery, a factor that may be a persuasive argument for using
sevoflurane for anesthesia in sick horses.42,43 All inhalation
agents cause vasodilation and progressive decreases in arterial
blood pressure with increasing depth of anesthesia. This may re-
sult in a worsening of hypotension in dehydrated, endotoxemic
horses. Various anesthetic manipulations may be necessary to
maintain mean arterial blood pressure above 70 mm Hg.

Inclusion of an opioid in anesthetic protocols has long been
recommended for balanced anesthesia in humans. Inclusion of
the opioid is to provide analgesia and contribute to the central
nervous system depression provided by the combination of drugs
used for induction and maintenance of anesthesia. A dilemma in
equine anesthesia is that some opioids induce central nervous
system stimulation, characterized primarily by increased loco-
motor activity, an untoward effect limiting the choice of opioids
that can be used in horses. Intuitively, inclusion of an opioid in
anesthetic management seems to be a logical step to providing
analgesia. Analgesia by opioid use has been demonstrated in con-
scious horses by using a variety of experimental models.
However, studies of several opioids have failed to confirm that
these agents consistently reduce inhalation anesthetic require-
ments in horses.44–46

Butorphanol is licensed for use in horses and provides signif-
icant sedation. As a result, butorphanol is often used for premed-
ication and to facilitate a smooth induction of anesthesia. The ef-
fect of this opioid lasts about 1 h, so repeated injections or
continuous infusion must be given for continued effect. One pub-
lished study has confirmed that infusion of butorphanol at 0.024
mg/kg/h in healthy awake horses maintains constant blood butor-
phanol concentrations.47 Butorphanol can be administered con-
veniently during anesthesia by adding it to 0.9% saline to achieve
a concentration of 1 mg/mL. The solution is then administered
with a syringe pump that enables the infusion rate to be closely
regulated. Although butorphanol does not significantly reduce an
animal’s requirement for an inhalant agent, our clinical impres-
sion is that its inclusion in the anesthetic regimen adds positively
to the overall anesthetic effect.

Although morphine has been used intraoperatively as an
analgesic in horses under anesthesia,48 the results of another in-
vestigation failed to identify any reduction in inhalation agent re-
quirement when a low dose of morphine was administered.46

Furthermore, efforts to provide additional analgesia by using
higher doses of morphine resulted in excitement during recovery
from anesthesia.46 Morphine also causes significant depression
of intestinal motility, thereby further reducing the advisability of
its systemic use in horses with colic.

Continuous infusion of lidocaine (loading dose 2.5 mg/kg, fol-
lowed by an infusion of 0.05 mg/kg/min) has been reported to
decrease the isoflurane requirement by 25% in healthy horses
anesthetized for elective surgery.49 Thus, one purpose for ad-
ministering lidocaine during anesthesia is to reduce the dose-

dependent vasodilation that occurs with inhalation anesthetics
and to maintain a higher arterial blood pressure.50 A second rea-
son for administering lidocaine is its potential to provide analge-
sia and decrease postoperative hyperesthesia induced by surgery.
In a recent study in which lidocaine was administered as a con-
tinuous infusion,49 no significant differences in mean arterial
pressure, arterial blood gases, or plasma concentrations of corti-
sol and nonesterified fatty acids were identified between horses
administered lidocaine and horses not administered lidocaine.
There is some evidence in other species that systemic administra-
tion of lidocaine may have analgesic activity and prevent induc-
tion of central hyperalgesia. As evidence of this, the results of a
recently published investigation of human patients undergoing
major abdominal surgery determined that patients who received
lidocaine during anesthesia needed less morphine during the first
72 h after surgery.51

A third potential benefit to the administration of lidocaine may
be the ability to modulate the inflammatory response.52 In rab-
bits, for example, lidocaine given intravenously immediately
after an endotoxin bolus prevented the adverse hemodynamic
and cytokine responses to endotoxemia.53 In rats, systemic or
topically applied lidocaine reversed the secretory change in the
intestinal wall induced by intestinal obstruction.54

Endotoxemia and postoperative ileus are both serious conse-
quences of colic in horses. In a survey of 54 horses undergoing
anesthesia and surgery for colic, endotoxin was detected in the
circulation during anesthesia in 20 horses (37%), and endotox-
emia developed after the start of surgery in 9 of the 20 horses.55

The incidence of postoperative ileus has been reported to be as
high as 20% and imposes considerable morbidity and hospital-
ization costs.56 The effects of lidocaine on intestinal function
have been studied in clinical colic patients by using a loading
dose of lidocaine (0.65 mg/kg IV), followed by infusion of the
drug (0.025 mg/kg/min) through anesthesia and then at twice
that rate after anesthesia.57 The control horses received an equal
volume of saline, and the investigators were blinded as to the
treatment. Of the horses, 64% had large colon disease and
28.6% required small intestinal resections. Measured intraoper-
ative serum lidocaine concentrations were from 0.39 to 2.72
µg/mL (mean, 1.06 µg/mL). No differences were obtained be-
tween horses given lidocaine and control horses for presence of
gastrointestinal sounds on auscultation, time to passage of first
feces, duodenal or jejunal wall thickness, or maximum duodenal
and jejunal cross-sectional area as judged by percutaneous ultra-
sonography. Significant differences were measured between the
groups for minimum jejunal cross-sectional area and diameter.
The authors concluded these small changes were not sufficient
to assess the influence of lidocaine on postoperative ileus.
Another study of risk factors associated with postoperative ileus
in horses identified increased odds for ileus in horses that had a
small intestinal lesion, high preoperative hematocrit, and anes-
thesia duration exceeding 3 h for lesions not involving small
intestine.56

Significant difficulties arise in interpreting data from clinical
studies when a variety of treatments are used. Evaluation of the
impact of treatments on postoperative events should take into ac-
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count use of hypertonic saline because hypertonic saline has
been shown to modulate inflammatory responses in patients in
shock. Recent studies using a model of intestinal ischemia and
reperfusion in laboratory animals have demonstrated that hyper-
tonic saline decreases mucosal injury and decreases ileus.58

Other investigations have demonstrated that hypertonic saline
dramatically improves survival rate in animal models of hemor-
rhagic shock and sepsis.59

Hypoventilation and Hypoxemia During
Anesthesia
Hypoventilation is a common complication in horses during
anesthesia for colic surgery. Controlled ventilation is advisable
to avoid the adverse consequences of severe hypercarbia. Venti-
lation with a tidal volume of 10 mL/kg at a respiratory rate of 10
breaths per minute will result in normocarbia in horses undergo-
ing elective procedures. Peak inspiratory pressure in these ani-
mals is usually about 20 to 24 cm H2O. Higher pressures will be
needed to deliver an adequate tidal volume in horses with ab-
dominal distension. Pressures exceeding 40 cm H2O may cause
alveolar rupture, however, and, until the abdomen has been
opened and the colon decompressed, adequate ventilation may
not be achieved even at these pressures in some horses with
colonic distention. The risk of pulmonary damage in these
horses can be reduced by limiting the peak inspiratory pressure
to 40 cm H2O and permitting some degree of hypercarbia to
occur. Although elevations in PaCO2 can be confirmed by
blood-gas analysis, capnography may or may not provide an ac-
curate estimate of PaCO2 in these patients. The difference be-
tween end-tidal CO2 and PaCO2 in colic horses is greater than in
healthy horses, and PaCO2 during controlled ventilation has
been reported to be 10 to 13 mm Hg higher than end-tidal
CO2.60,61 In fact, the difference between end-tidal CO2 and
PaCO2 may be as high as 25 mm Hg in some animals and is
greater during spontaneous ventilation. One way of dealing with
this problem is to use blood-gas analysis at the beginning of
anesthesia to determine whether a large difference exists and
then use capnography as a guide for the remainder of the anes-
thetic period. Ventilation of horses for colic surgery to end-tidal
CO2 values of 30 to 40 mm Hg in the absence of blood-gas
analysis will maintain PaCO2 values close to the normal range in
the majority of horses.

Lung collapse may be sufficient to result in hypoxemia (PaO2
< 60 mm Hg). Occasionally, opening the abdomen and decom-
pression of the intestines will enable a sufficient increase in ven-
tilation to expand the lung and improve oxygenation. More fre-
quently, however, PaO2 does not increase until after anesthesia.
Maneuvers such as changing the ventilatory pattern or imposing
positive end-expiratory pressure (PEEP) are not often successful
in increasing PaO2. Horses with hypoxemia often survive anes-
thesia, rendering the impact of hypoxemia on morbidity specula-
tive. Interestingly, in a survey of 600 horses anesthetized for colic
surgery, hypoxemia was present in 17%, and the survival rates
for these horses and horses with normal oxygenation were not
different (C.M. Trim, unpublished data).

Cardiovascular Performance During
Anesthesia
Decreased cardiovascular performance commonly occurs in
horses during anesthesia for colic surgery. Consequently, one of
the first priorities is to maintain mean arterial pressure above 70
mm Hg. Horses that have insufficient fluid therapy before anes-
thesia will need rapid volume expansion to counter vasodilation
caused by inhalation anesthetics. A balanced electrolyte solution,
such as acetated or lactated Ringer’s solution, should be infused
at 10 mL/kg/h in horses with a normal fluid balance and at an in-
creased rate in horses that are volume depleted. Hypertonic
(7.5%) saline (4 mL/kg IV) can be administered over 10 min as
a rapid infusion to counteract hypovolemia. Increases in cardiac
output and mean arterial blood pressure have been measured for
1 h after infusion of hypertonic saline in horses subjected to en-
dotoxemia62 or hemorrhage.63

Vasoactive drugs, such as dobutamine, dopamine, and
ephedrine, are used to increase cardiac output and blood pressure
during anesthesia. Dobutamine (0.5 to 5.0 µg/kg/min) is fre-
quently effective in correcting anesthetic-induced hypotension.
Potential adverse effects of dobutamine treatment are bradycardia
and tachycardia. Dobutamine infusion may induce bradycardia,
with or without second-degree heart block, that is sufficient to de-
crease arterial blood pressure further. Management of second-
degree heart block includes decreasing the dose rate of the dobu-
tamine and administering ephedrine, atropine (0.005 to 0.01
mg/kg), or dopamine to increase the heart rate and blood pressure.
Endotoxemia may alter the sensitivity of cardiac ß receptors such
that administration of dobutamine has less effect on cardiac out-
put and causes tachycardia. Techniques to increase arterial blood
pressure then must focus on efforts to expand blood volume and
decrease the concentration of anesthetic delivered. Dopamine (3.0
to 6.0 µg/kg/min) is used to increase renal blood flow in horses
with increased serum creatinine concentrations, to increase car-
diac output, and to increase heart rate in horses with advanced
atrioventricular heart block. Ephedrine is most effective in ani-
mals with excessive vasodilation, because ephedrine-induced
venoconstriction increases venous return to the heart. Ephedrine
(0.06 mg/kg IV bolus) has been reported to increase cardiac out-
put and mean arterial blood pressure in anesthetized horses for 30
to 40 min.64 Arterial pressure in anesthetized horses with colic
also can be increased by an infusion of a 23% solution of calcium
gluconate (100 to 200 mL per adult horse) given over 15 min.
Significant increases in cardiac output and mean arterial pressure
have been measured in healthy anesthetized horses during infu-
sion of calcium gluconate.40 An infusion rate of 0.1 mg/kg/min ef-
fectively improved cardiac function in horses anesthetized with
isoflurane, whereas a higher dose rate of 0.4 mg/kg/min was nec-
essary to improve cardiac function in horses anesthetized with
halothane. Preanesthetic determination of serum electrolyte con-
centrations will identify some horses with colic that are hypocal-
cemic, and treatment of these horses with calcium gluconate be-
fore anesthesia is warranted. Of concern is the potential adverse
impact of exogenously administered calcium in critically ill
horses with cardiovascular failure, endotoxemia, or hypoxemia.
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Assessment of cardiovascular system function must include
interpretation of mean arterial pressure with systolic-diastolic
pressure difference, arterial pressure waveform, capillary refill
time (CRT), and mucous membrane color to arrive at an estimate
of cardiac output. A low systolic pressure, dramatic fluctuations
in systolic pressure with the ventilator cycle, flattened arterial
waveform, and prolonged CRT are indicators of low cardiac out-
put. Further, increases in arterial pressure after vasoconstriction,
such as that induced by onset of surgery, may be accompanied by
any change in cardiac output, including a decrease resulting from
an excessive increase in afterload.65

Hypotension that is primarily caused by vasodilation and that is
unresponsive to both fluid loading and catecholamines may be
countered by decreasing the inspired concentration of the inhala-
tion agent. Under such circumstances, administration of sedatives,
opioids, or injectable anesthetics will be necessary to maintain the
desired lack of response to surgery. Continuous infusions of either
lidocaine, ketamine, or a mixture of guaifenesin-ketamine-
xylazine have been used to provide sufficient additional analgesia
to reduce the inspired inhalent concentration. Collectively, any 
of these treatments may result in an increase in mean arterial pres-
sure, because of a reduction in anesthetic agent–induced vasodi-
lation.49,50 Inclusion of a morphine epidural nerve block may pro-
vide additional analgesia. Definitive studies that include
measurement of cardiac output are needed to ascertain the effects
of different treatments on overall cardiovascular performance. It
is unclear whether these treatments allow a decreased inhalation
agent requirement by providing sedation or analgesia or both.

Cardiac dysrhythmias are an occasional complication in
horses anesthetized for colic surgery. The concurrent presence of
atrial fibrillation and gastrointestinal disease can result in hy-
potension that is difficult to treat. If the usual therapies to im-
prove cardiovascular function fail to produce an adequate mean
arterial pressure, administration of quinidine (up to 10 mg/kg in
divided IV boluses) is the recommended treatment. Premature
ventricular depolarizations also develop in a small number of
horses as a consequence of endotoxemia. Treatment is not always
necessary, but lidocaine can be used to decrease the frequency of
abnormal beats when arterial blood pressure is decreased by the
dysrhythmias.

Recovery from Anesthesia
Controlled ventilation can be continued up to the time the horse
is disconnected from the anesthesia machine, where a demand
valve should be available to continue ventilation in the recovery
stall. Sometimes reducing the depth of anesthesia before the end
of surgery to ensure rapid return of spontaneous ventilation is not
feasible, especially when horses must be hoisted from the sur-
gery table or if the time required to transport a horse from the
surgery room to the recovery stall is long. Although oxygenation
is maintained for some minutes when a horse becomes apneic
after being disconnected from the anesthesia machine, PaO2 val-
ues will decrease dramatically in horses breathing room air spon-
taneously early in the recovery period. This author’s preference
is to control ventilation with a demand valve and oxygen for the

first 10 min of recovery and then to allow the horse to breathe
spontaneously with oxygen insufflated at a rate of 15 L/min into
the nose or endotracheal tube. The nasogastric tube is removed
for recovery from anesthesia.

Some anesthesiologists prefer to leave the endotracheal tube in
place while a horse recovers from anesthesia, whereas others pre-
fer to remove it once the horse can swallow. However, if regurgi-
tation around the nasogastric tube has occurred during anesthesia
or if the nasal mucosa is congested and swollen, the endotracheal
tube should remain in place until the horse is sternal or stands.

The usual methods to discourage horses from attempting to
stand too early, such as positioning the horse on pads or an air
cushion in a warm, quiet recovery room with dim lighting,
should also be applied to horses after colic surgery. Often supple-
mental sedation is provided in the form of xylazine (0.2 mg/kg
IV) given approximately 5 min after the inhalant is discontinued.
Assistance to a standing position using ropes tied to the halter
and tail should be considered when factors that contribute to
ataxia are present, such as horses that are more than 20 years of
age, rectal temperature less than 35.5°C (96°F), hypotension dur-
ing anesthesia, clinical evidence of endotoxemia, and an anesthe-
sia time that exceeds 3 h.

Analgesia is continued into the postoperative period by using
nonsteroidal anti-inflammatory agents and continuous infusions
of butorphanol and lidocaine. The results of one published inves-
tigation of butorphanol administration by continuous IV infusion
documented a significant delay in the time to passage of feces
when compared with values for horses that were not given butor-
phanol (median times of 15 and 4 h, respectively).47 Preliminary
evaluation of a transdermal fentanyl patch (Duragesic) to provide
analgesia in horses has identified evidence of analgesia for con-
ditions involving visceral pain.66 One investigation of the phar-
macokinetics of transdermally applied fentanyl described rapid
absorption and blood concentrations exceeding 1 ng/mL by 3 h
after application of two 10-mg transdermal fentanyl patches to
healthy adult horses.67 Serum concentrations of this magnitude
were sustained for 32 h, thus offering a convenient method of
supplying a constant level of analgesic drug.
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Introduction
Several minimally invasive advanced diagnostic and therapeutic
procedures have become more commonly used over the last
decade because of increased availability of the technology and
expertise in application and interpretation. General anesthesia or
sedation is usually required to assure patient immobility during
these procedures. Animals vary greatly in physical status and un-
derlying disease processes. Thus, the saying “There is no one
ideal anesthetic protocol” applies aptly to these patients. Because
many of the procedures discussed in this chapter may be consid-
ered to be elective, minimally invasive, and of short duration, an
anesthetic protocol that will provide a rapid recovery is desirable.
Perianesthetic considerations are presented for selected mini-
mally invasive diagnostic techniques, including laryngoscopy,
bronchoscopy, bone marrow aspiration, thoracic drain place-
ment, and esophagostomy tube placement; for advanced imaging
techniques, including computed tomography (CT), magnetic res-
onance imaging (MRI), and ultrasonography; and for radiation
therapy. With a few exceptions, these procedures are not consid-
ered lifesaving, but rather diagnostic, and should be planned to
minimize the potential adverse effects of general anesthesia or
sedation.

The approach to anesthetic management should be kept sim-
ple, with the following principles in mind:

1. Identify and correct (when possible) underlying patient prob-
lems to minimize anesthetic risk.

2. Formulate an anesthetic protocol that will work in the exist-
ing environment and that can be readily adapted to each indi-
vidual patient and its unique disease process(es).

3. Apply effective and adequate monitoring tools that will alert
the anesthetist to potential problems so that quick and effec-
tive correction can be instituted.

4. Provide appropriate supportive therapy (as guided by under-
lying patient disease and information provided by monitoring
devices).

Laryngoscopy and Bronchoscopy
Laryngoscopy is used in evaluating laryngeal disease—
specifically, laryngeal paralysis. Sedation is required to facilitate
relaxation of the jaw, but must be carefully selected to have a
minimal effect on laryngeal function. It can be challenging to
keep patients adequately sedated without affecting laryngeal
function. A neuroleptanalgesic combination of an opioid and
benzodiazepine (Table 52.1) is adequate for most patients. These
drugs have the advantage of preserving laryngeal function and
being reversible if respiratory distress develops. Challenge with
doxapram (1.0 mg/kg intravenously [IV]) to increase respiratory
activity may be used if evaluation is hindered by drug-induced
respiratory depression.

Bronchoscopy is performed in dogs and cats for evaluation of
airway disease and to perform bronchoalveolar lavage. Many of
the patients presented for laryngoscopy and bronchoscopy are at
increased risk for development of hypoxemia. Preoxygenation
should accompany both procedures, and the anesthetist should
always be prepared to take control of the airway by intubation
and application of ventilatory support. During the bronchoscopy,
oxygen may be delivered to smaller patients via an endoscope
(working channel). Larger patients may be intubated and con-
nected to oxygen by a breathing system; a Y-piece aperture 
may be used to pass the endoscope into the trachea. An opioid-
benzodiazepine combination for sedation, followed by adminis-
tration of low-dose propofol to effect, is commonly used to facil-
itate bronchoscopy (Table 52.1).

Thoracic Drain Placement
Thoracostomy tube placement may be required to manage pleu-
ral space disorders, such as pneumothorax, pyothorax, and chy-
lothorax. These patients are often high risk, especially animals
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with pneumothorax and concurrent pulmonary contusions. In
dogs, thoracic drain placement can often be performed using se-
dation in combination with a local anesthetic technique, such as
infiltration or intercostal nerve block (see Chapter 20). To assure
airway control, oxygen delivery, and provision of ventilatory
support throughout the procedure in patients with respiratory dis-
tress or with hypoxemia, general anesthesia may also be used and
may be superior. For cats, general anesthesia is preferred. Rever-
sible agents with mild cardiopulmonary effects, such as the com-
bination of a benzodiazepine with butorphanol or buprenorphine
(Table 52.1), provide adequate sedation for most patients. For
general anesthesia, a rapid-sequence induction to gain control of
the airway is recommended. Propofol, benzodiazepine-ketamine
combination, or etomidate (Table 52.1) are good induction
choices, providing for relatively rapid recoveries.

Bone Marrow Aspiration
This is performed to evaluate bone marrow disease and to stage
certain cancer patients. Protocol selection should be based on the
individual patient; depending on the level of an animal’s activity,
bone marrow aspiration may be performed in dogs with local in-

filtration alone or in combination with sedation. Uncooperative
dogs and the majority of cats may require general anesthesia. The
aforementioned protocols for thoracostomy tube placement are
appropriate.

Esophagostomy Tube Placement
This is used to provide enteral nutrition for both dogs and cats.
General anesthesia is required to protect the airway in case of re-
gurgitation and the endotracheal tube facilitates placement of the
esophageal tube. The aforementioned protocols for thoracostomy
tube placement are applicable for this procedure.

For the procedures listed earlier, identification of an individual
animal’s underlying disease, anticipation of and planning for po-
tential complications, and close monitoring throughout the anes-
thetic period will help to assure a successful outcome, regardless
of the anesthetic agents used.

Computed Tomography and Magnetic
Resonance Imaging
General Considerations
CT and MRI were first introduced in 1972 and 1980, respectively.
Routine clinical use of CT and MRI technology has evolved re-
cently as availability of equipment and expertise in interpretation
have increased. Anesthetic management for CT and MRI presents
a unique challenge in that there is no painful stimulation during
the anesthetic period; thus, response to a noxious stimulus does
not provide a method for assessing anesthetic depth. The major-
ity of scans are performed with the patient in dorsal recumbency;
this position has the most significant detrimental effects on ven-
tilation and perfusion matching. And patient access is usually
limited during both CT and MRI. Depending on unit configura-
tion, patients placed in a magnet are often difficult to access, so
subjective evaluation, such as assessment of pulse quality and
mucous membrane color, may not be feasible. With CT, although
patient access is not problematic, exposure of the anesthetist to
radiation is an issue, and direct patient assessment while the scan
is being performed is discouraged.

Contrast Agents for CT and MRI
An additional consideration is the common use of contrast for
both MRI and CT. While reaction to contrast administration ap-
pears to be relatively uncommon in animals, anesthetists must be
aware of this potential complication. Intravenous iodinated con-
trast is often given to patients during a CT scan. These contrast
agents consist of meglumine and/or sodium salts of iothalomate
or diatrizoate (Table 52.2) and are ionic and hyperosmolar, which
contributes to their side effects. Adverse reactions to these con-
trast agents include hypotension, tachycardia, and depressed ST
segments and prolonged Q-T intervals on the electrocardiogram
(ECG).1 One case of cardiac arrest has been reported in a dog
after intravenous (IV) administration of iodinated contrast
media.2 Adverse reactions are usually seen in the first 5 to 10 min
following administration and are potentiated by dehydration;
thus, normal hydration status is essential prior to the CT contrast
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Table 52.1. Suggested anesthetic doses for protocols for
diagnostic proceduresa

Premedication: opioid-benzodiazepine combination
Opioids (IV, IM, or SC; IV administration of morphine is not
recommended)

Butorphanol 0.2–0.4 mg/kg
Buprenorphine 0.01–0.04 mg/kg
Morphine 0.4–1.0 mg/kg
Hydromorphone 0.1–0.2 mg/kg
Oxymorphone 0.05–0.1 mg/kg

Benzodiazepines (diazepam: IV only; midazolam: IV, IM, or SC)
Diazepam 0.1–0.4 mg/kg
Midazolam 0.1–0.3 mg/kg

Antagonists
Naloxone (opioid) 0.001 mg/kg
Flumazenil (benzodiazepine) 0.01–0.02 mg/kg

Induction
Propofol 2–6 mg/kg IV
Etomidate 0.5–2.0 mg/kg IV
Ketamine 2–5 mg/kgb IV, IM

Maintenance
Inhalation anesthesia: isoflurane or sevoflurane
Propofol CRI 0.4 mg/kg/min
Propofol IB 0.5–2.0 mg/kg

CRI, continuous-rate infusion; IB, intermittent bolus; IM, intramuscular; IV,
intravenous; and SC, subcutaneous.
aThese protocols pertain to dogs and cats.
bKetamine for induction is administered IV at 5 mg/kg combined with a
benzodiazepine at 0.25 mg/kg and given to effect. For feline immobiliza-
tion, 2 mg/kg IM is used with a benzodiazepine-opioid combination.



administration. Humans are at risk for serious reactions if they
have any of the following preexisting conditions: diabetes melli-
tus, renal insufficiency, congestive heart failure, hypovolemia,
multiple myeloma, hypertension, or combined hepatic and renal
failure.1 No specific treatment is necessary following a mild re-
action to the contrast media; however, fluid administration rate
should be increased for treatment of mild hypotension and tachy-
cardia. If an anaphylactic reaction does occur, administration of
epinephrine, diphenhydramine, and/or corticosteroids is indi-
cated. Fluid administration rate for patients with underlying renal
disease should be increased to 20 mL/kg during the first 30 min

of anesthesia to promote contrast clearance and to maintain ade-
quate renal perfusion.

All contrast agents used in MRI contain a paramagnetic ele-
ment: gadolinium. These contrast agents present a lower osmotic
burden to the patient, and smaller volumes are required compared
with CT contrast agents. There have been no reported cases of
adverse reactions to MRI contrast agents in animals, but allergy-
type symptoms, hypotension, hypertension, vasodilation, tachy-
cardia, nausea, vomiting, and headache have been reported in hu-
mans. An increased administration rate of IV fluids should be
used to treat hypotension and tachycardia.3
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Table 52.2. Properties of contrast agents used for diagnostic imaging

Ionic, hyperosmolar iodinated contrast media

Osmolality Viscosity
Brand Name Cation Anion mg I/mL (mOsm/kg H2O) at 37ºC

Conray Meglumine Iothalamate 282 1400 4
Conray 400 Sodium Iothalamate 400 2300 4.5
Hypaque 76 Meglumine 66% Diatrizoate 370 2016 9

Sodium 10%
Hypaque 50% Sodium Diatrizoate 300 1515 2.34
Hypaque 60% Meglumine Diatrizoate 282 1415 4.12
Renografin 76 Meglumine 66% Diatrizoate 370 1940 8.4

Sodium 10%
Renografin 60 Meglumine 52% Diatrizoate 290 1450 4

Sodium 8%

Nonionic, low-osmolar iodinated contrast media

Osmolality Viscosity
Brand Name Generic Name mg I/mL (mOsm/kg H2O) at 37ºC

Omnipaque Iohexol 140 322 1.5
180 408 2
240 520 3.4
300 672 6.3
350 844 10.4

Isovue Iopamidol 150 342 1.5
200 413 2
300 616 4.7
370 796 9.4

Visipaque Iodixanol 270 290 6.3
320 290 11.8

Ultravist Iopromide 300 607 4.9
370 774 10

Optiray Ioversol 160 355 1.9
240 502 3
300 651 5.5
320 702 5.8
350 792 9

Imagopaque Iopentol 150 310 1.7
200 410 2.8
250 520 3.9
300 640 6.5
350 810 12



MRI Safety Considerations
MRI safety is an important concern in anesthesia monitoring be-
cause ferromagnetic objects are attracted toward the magnet;
therefore, projectile-related accidents can occur. Traditional
anesthetic equipment and monitors may be unsafe, may be dam-
aged, may malfunction, or may interfere with image generation
when used in the MRI suite. The MRI consists of a strong static
magnetic field, gradient magnetic fields, and radiofrequency
(RF) fields. Any ferromagnetic object has the potential to be
drawn into the bore of the magnet, causing injury to the patient
or personnel in the room. The influence of the MRI scanner on
equipment depends on the strength of the magnet, proximity to
the magnet bore, the amount of ferromagnetic material present,
and the design of the circuitry.4 Also, the RF fields and the ap-
plied magnetic gradient fields in the room can affect the function
and accuracy of the monitoring equipment, or, conversely, the
monitoring equipment can alter the quality of the images ob-
tained. Ferromagnetic equipment within the room should be re-
placed with nonferromagnetic or minimally ferromagnetic metal,
such as stainless steel, brass, or aluminum. Alternatively, ferro-
magnetic equipment may be securely anchored to a wall or the
floor as far away from the bore of the magnet as possible. Moni-
toring equipment may be adapted by placing the devices outside
of the room and using long connecting wires. If possible, oxygen
tanks should be located outside of the MRI suite, or tanks made
of aluminum should be used.

Several companies sell MRI-compatible anesthesia and moni-
toring equipment. Keep in mind the definitions of MRI safe and
MRI compatible. MRI safe means that the device, when used in the
MR environment, has been demonstrated to present no additional
risk to the patient or other individual, but may affect the quality of
the diagnostic information. MRI compatible means that a device is
MR safe and, when used in the MR environment, has been demon-
strated neither to significantly affect the quality of the diagnostic
information nor to have its operations affected by the MR unit.4

Some companies market their product as MRI compatible, but the
instruction manuals must be carefully read because there have
been several reports of “MRI compatible” monitoring equipment
being propelled into the bore of the magnet.5,6 Instructions for
such potentially hazardous equipment state that the item must be
placed a certain distance away from the magnet.6,7 Ideally, equip-
ment should be checked by a biomedical engineer responsible for
the area before it is brought into the vicinity of the MRI scanner.
Some companies that supply MRI-compatible or MRI-safe anes-
thetic equipment and monitors are listed in Table 52.3.

Special consideration should also be given to patients with any
type of metallic implants, such as hemoclips, patent ductus arte-
riosus (PDA) occlusion coils, or pacemakers. Ferromagnetic he-
moclips can dislodge and migrate, causing internal damage. An
electrical current can be induced in PDA coils, causing thermal
damage, and pacemaker leads or generators can dislodge. The
magnetic field may cause the pacemaker generator to malfunc-
tion or readjust. An electrical current in the lead wire may pro-
duce enough heat to cause injury. If a metallic implant is located
in the region that is being imaged, severe image artifacts often
occur, resulting in a nondiagnostic study.

One other safety issue that may occur in the MRI suite is mag-
netic quenching. If the liquid helium that surrounds and cools the
superconducting solenoid of the magnet rapidly escapes, it can
displace the oxygen in the room, causing hypoxia to the patient
and personnel present. Ideally, oxygen sensors should be placed
in MRI suites.

Ultrasonography
This has been used in veterinary medicine since the late 1970s
and has become a routine diagnostic procedure for animals. Most
animals tolerate ultrasonographic evaluation without sedation or
anesthesia, but sedation may be necessary in fractious, aggres-
sive, or painful animals. Ultrasound-guided organ or tissue biop-
sies are becoming more common as a method for collecting sam-
ples less invasively. Small animals usually tolerate the procedure
well with sedation and local anesthetic infiltration, but general
anesthesia may be more effective in some individuals. Local
anesthetic infiltration alone or with mild sedation, combined with
proper restraint, is effective for collecting biopsy samples in
standing horses, cows, and other large animal species.

Radiation Therapy
External beam radiation is used to treat many types of neoplasia
in small animals. Treatment usually consists of multiple small
doses of radiation daily for a curative intent or larger, less fre-
quent doses for pain palliation. Treatment times per dose last
anywhere from about 1 min up to 7 or 8 min. Therefore, patients
must remain motionless and be precisely positioned for radiation
therapy. Since most animals receive their radiation doses daily
and remain in the hospital for up to 4 weeks or go home nightly,
a profound sedation or general anesthetic protocol should be
used that is easily administered and has a quick recovery time.
During treatment, personnel cannot be present in the therapy
room to directly monitor the animal because of radiation safety.
Remote monitors or cameras focused on the patient and in-room
monitors should be used to assess the patient.

Patient Preparation
The procedures presented in this chapter, though essential to the
well-being of the individual patient, are largely elective. Ade-
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Table 52.3. Companies that manufacture MRI-compatible, 
MRI-safe anesthesia equipment

Smiths Medical PM, Veterinary www.surgivet.com/index.asp
Division (Surgivet)

DRE Medical www.dreveterinary.com
In vivo www.invivoresearch.com
Medrad www.medrad.com
Datex www.datex-ohmeda.com
Nonin www.nonin.com



quate preanesthetic patient assessment, including physical exam-
ination and laboratory evaluation (complete blood count, chem-
istry panel, and urinalysis), is essential for successful outcome.
Fortunately, since the aforementioned techniques may be consid-
ered to be advanced techniques, a thorough workup has already
been performed in many of the presenting patients. For marrow
and organ biopsy, a coagulation profile should also be evaluated.
Table 52.4 provides some examples of disorders that may exist in
patients presented for MRI, CT, and ultrasound procedures.
Readers are directed to Chapters 36 to 51, which address anes-
thetic management of system-specific diseases, for additional
anesthetic management considerations.

Protocol Selection
When formulating an anesthetic plan, reversibility, familiarity
(comfort zone), and maintenance of homeostasis by provision of
adequate supportive care and monitoring should be addressed.
Since the technique itself will vary minimally among patients, an
anesthetic plan that will meet the needs of the majority of pa-
tients and will be compatible with the facility is desirable. The
drugs used should be short-acting and/or reversible; some op-
tions are listed in Table 52.1. For premedication, an opioid alone
or combined with a benzodiazepine has relatively mild car-
diopulmonary effects and will provide sedation and reduce in-
duction and maintenance requirements. These drugs can be re-
versed with an opioid antagonist, such as naloxone, and the
benzodiazepine antagonist flumazenil, if necessary (Table 52.1).
Acepromazine premedication may be beneficial for healthy ani-
mals that are difficult to restrain or aggressive, if there are no pa-
tient contraindications. Acepromazine facilitates a smooth but
somewhat prolonged recovery, so benefits should be weighed
against this disadvantage. Intramuscular ketamine (2 to 4 mg/kg),

with an opioid-benzodiazepine combination, may be beneficial
in fractious cats to provide sedation and immobilization.
Induction options include propofol, etomidate, ketamine, and in-
halation agents. Propofol is probably most frequently used be-
cause of its short duration of action, but can be detrimental in an-
imals with underlying hypotension that remains uncorrected
prior to induction. Etomidate may provide a better alternative in
cardiovascular-compromised patients. Ketamine with a benzodi-
azepine represents an alternative method of induction, but recov-
ery may be prolonged (compared with etomidate, propofol, and
inhalation agents). Contraindications for ketamine use, such as a
history of seizures and the presence of increased intracranial
pressure, are particularly germane to patients undergoing MRI
and/or CT. Induction with an inhalation agent via face mask may
be used if rapid control of the airway is not an issue, if the patient
is tractable, and if the induction room is well ventilated.
However, this method is recommended only when other options
present unacceptable patient risk. A major disadvantage to mask
induction is waste-gas pollution and subsequent exposure of per-
sonnel. Anesthesia for MRI and CT is most commonly main-
tained with an inhalation agent. Isoflurane and sevoflurane both
facilitate a rapid recovery. Anesthesia machines and ventilators
that are MRI compatible or MRI safe are available, and some
suppliers are listed in Table 52.3. If an MRI-compatible anesthe-
sia machine is not available or if a traditional machine cannot be
configured from outside the MRI room, anesthesia can be main-
tained with propofol by using a constant rate infusion or intermit-
tent bolus technique (Table 52.1). Maintenance with propofol
should always include intubation, supplemental oxygen, and a
method for ventilatory support.

Monitoring
General Considerations
Considering the diversity of patient signalment, physical status,
and organ system abnormalities, and irregardless of the relatively
short duration of the procedures, one or more monitoring devices
should be applied to every individual patient to help assure its
well-being. Monitoring techniques could include continuous
ECG, pulse oximetry, capnography, blood pressure monitoring,
and measurement of end-tidal anesthetic gas concentration
(ETagent). Application should be tailored to the individual and to
the procedure. For example, pulse oximetry is especially impor-
tant for assessing patients at risk for developing hypoxemia, such
as during bronchoscopy and thoracostomy tube placement.
Capnography is useful for intubated patients at risk of hypoven-
tilating (thoracostomy tube placement). Readers are referred to
Chapter 19 for a detailed description of the information afforded
by these devices.

Monitoring for MRI and CT
Considering the challenge of patient accessibility and the diver-
sity of patient presentation, several monitoring tools should be
applied to maximize patient safety. Essential monitoring devices
include capnography, pulse oximetry, and continuous ECG.
Capnography (ETCO2) and pulse oximetry (SpO2) provide con-
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Table 52.4. Disease processes that may be present in patients
presented for computed tomography (CT), magnetic resonance
imaging (MRI), and ultrasonography

Organ or Organ System: Examples

Skull: orbital, nasal, sinus, and oral tumors
Brain: tumors, cerebrovascular bleeding (stroke), and hydro-

cephalus
Spinal cord: tumors, intervertebral disk disease, and trauma
Musculoskeletal: soft tissue and skeletal tumors, and ligament

and cartilage damage
Thorax: intrathoracic masses, effusions, and pneumonia
Cardiac: masses, murmurs, and arrhythmias
Abdomen: abnormalities associated with the liver, pancreas,

adrenal glands, spleen, kidneys, ureters, and bladder

This list is not exhaustive but is based on the literature and personal experi-
ence of the authors. As a general rule, CT is superior for skeletal imaging,
whereas MRI is superior for soft tissue imaging. Movement artifact can be
problematic for abdominal and thoracic MRI, depending on the speed and
sophistication of the scanner. CT may provide superior images for body
cavity structures.



tinuous, noninvasive methods of assessing adequacy of ventila-
tion, perfusion, and oxygenation, and also provide an assessment
of respiratory rate and pulse rate, respectively. The capnographic
waveform provides an early warning to the anesthetist that a
problem is developing. Noninvasive or invasive blood pressure
monitoring and ETagent monitoring are also recommended.
Anesthetic agents compromise cardiovascular homeostasis and,
in the absence of a surgical stimulus, hypotension should be an-
ticipated, especially if underlying cardiovascular abnormalities
are present. Use of blood pressure monitoring will alert the anes-
thetist to the development of hypotension so that supportive
measures can be instituted (increase in fluid administration rate,
administration of an inotrope, or decrease in anesthetic depth).
ETagent reflects an agent’s alveolar partial pressure and thus
closely approximates arterial and brain anesthetic partial pres-
sures (once equilibration is reached). The minimum alveolar con-
centration (MAC) has been reported for inhalant agents com-
monly used for a variety of animals. Although many factors, such
as premedications administered, will affect patient inhalation
agent requirements, maintaining an ETagent concentration of 1.2
to 1.4 MAC is considered to be appropriate for most animals.
Some suppliers that offer MRI-compatible monitoring equip-
ment are listed in Table 52.3. Additional information regarding
MRI-compatible equipment has been published.5,6

Monitoring patients undergoing MRI can be difficult for many
reasons in addition to patient inaccessibility. Some scanners are
extremely loud during image acquisition, making direct car-
diopulmonary auscultation impossible. The gradient magnetic
fields and RF fields are capable of generating electrical currents
in metal wires, so ECG leads can burn a patient’s skin. Burns
caused by ECG leads during MRI have been cited in the literature
on human patients8 and have been reported to occur during ani-
mal imaging. Electrical current induction can occur within a loop
of wire in a pulse oximetry unit, which can severely burn patients.
To avoid patient injury, it is important that MRI-compatible lead
connections be used. Additionally, the MRI may interfere with
ECG waveforms, making it difficult to evaluate the rhythm trace.

Patients anesthetized for MRI and CT require intravenous
fluid administration to maintain adequate perfusion and the ap-
plication of monitoring devices to identify and address alter-
ations in homeostasis proactively. Availability of mechanical

ventilation to provide intermittent positive-pressure ventilation
(IPPV) is important during diagnostic imaging. Application of
IPPV in combination with capnography will enhance patient
management by assuring ventilatory homeostasis. Increased in-
tracranial pressure caused by trauma or brain tumor is a common
presenting sign in patients undergoing CT and MR imaging.
Maintaining these patients in a mildly hypocapneic state (e.g.,
PaCO2 = 30 mm Hg) will improve anesthetic outcome by mini-
mizing the detrimental effects of increased PaCO2 on intracranial
pressure.9

Summary
Anesthetic management of patients presented for advanced diag-
nostic and therapeutic techniques should include thorough preop-
erative patient assessment, a protocol that addresses patient
needs, and application of effective monitoring tools and support-
ive therapy throughout the anesthetic period.
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Introduction
In many veterinary practices, after the induction of anesthesia, no
one is assigned the task of anesthetist to monitor anesthesia and
be vigilant for untoward events that might result in accidental
morbidity and mortality. As with most unwanted events, the an-
ticipation of possible complications and having a plan of action
already prepared will facilitate successful resolution of the prob-
lem. Since the onset of general anesthesia upsets the physiologi-
cal equilibrium of patients and can bring them closer to harmful
outcomes, preparation to manage these problems is even more
critical. Monitors that display vital parameters such as oxygen
saturation of hemoglobin, end-tidal carbon dioxide, blood pres-
sure, and heart rhythm are available to facilitate early detection of
critical events such as bradycardia, changes in oxygen availabil-
ity, and hypoventilation. Veterinarians who vigilantly monitor
have a better opportunity to respond quickly to a harmful trend
before a disaster occurs.

Anesthetic Risk
The risk of death from disease or related surgery is usually
greater than the risk of death from anesthesia. However, anesthe-
sia involves the controlled administration of potentially toxic

drugs and thus carries a risk of organ dysfunction and damage,
delayed recovery, and death. Mistakes are not necessarily re-
versible, and death can occur suddenly and often without warn-
ing when patients are not appropriately monitored. The goal of
anesthetists should be to manage the risks associated with anes-
thesia and the perioperative period, affording patients the best
chance of a successful outcome. Risk management is a term de-
veloped by the insurance industry and adopted by the health care
industry to describe processes used to prevent injury, litigation,
and financial loss.1,2 The real aim of this process is to use analy-
sis of adverse events to prevent similar injuries to subsequent pa-
tients. Risk management starts with an unbiased and nonjudg-
mental review and analysis of all “critical events” causing real or
potential patient harm. The next step is formation or modification
of standard operating procedures. For example, in aviation, acci-
dent investigation begins with discovery of the facts by an inde-
pendent board (National Transportation Safety Board) and then
analysis and publication of the findings. There is also an anony-
mous reporting system (Aviation Safety Reporting System) that
involves the documentation and analysis of events that were con-
sidered hazardous by the participants but did not lead to an acci-
dent. These aviation review procedures provide a model for the
improvement of anesthesia safety in both human and veterinary
medicine. A commitment to the highest-quality patient care will
ultimately lead to the routine performance of such analyses by
medical providers.

Species-Related Risk
Advances in medical technology and pharmacology, as well as
the increase in training of anesthesiologists, veterinarians, and li-
censed technicians, have done much to decrease the inherent
risks associated with anesthesia. The risk of anesthetic-related
death in people is estimated at between 1:10,000 and
1:200,000.3–5 The rate of anesthetic-related death among dogs
and cats anesthetized in private practice has been assessed at
0.1%.6 Horses present an inherently greater challenge during
anesthesia because of unique anatomical, physiological, and be-
havioral factors. Several studies suggest an anesthetic-related
mortality rate of between 0.08% and 0.9% in healthy horses.7,8

Postanesthetic lameness caused by myopathies and neuropathies
reportedly occurs in 6.4% of anesthetized horses.9 Emergency
cases, including colics, are associated with an apparent mortality
rate of 31.4%.10 Another retrospective analysis of cases from a
single facility using a fairly standardized anesthetic protocol
found an incidence of anesthetic-related mortality of 0.12% (L.
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Bidwell, personal communication, 2004). In this study of 21
deaths from among 17,961 equine anesthetics, the incidence of
cardiac arrest was 0.06% (10 deaths), that of long-bone fractures
was 0.04% (8 deaths), and that of myoneuropathies 0.02% (3
deaths). When interpreting studies of comparative anesthetic-
related morbidity and mortality, it should be remembered the def-
initions of the anesthetic period may vary and often include ad-
ditional surgical and disease risk factors.

High-Risk Patients
Based on clinical experience, the small animal patients that are
associated with a high risk of adverse outcome from anesthesia
and surgery include geriatric (especially hyperthyroid) cats; post-
trauma cases with pulmonary pathology, hemothorax, or pneu-
mothorax or pulmonary hemorrhage; and cases of acute head
trauma and severe intra-abdominal hemorrhage. Patients requir-
ing a high level of care and commitment to achieve a good out-
come include neonates; those with low body weight or morbid
obesity; and patients undergoing portosystemic shunt occlusion
or cardiac, intracranial, or intraocular surgery.

The procedures or conditions associated with high risk of ad-
verse outcome in equine patients include advanced age, heavily
muscled young horses, extreme emaciation, ethmoidal hema-
toma, or guttural pouch mycosis with severe hemorrhage, septic
shock, and intra-abdominal hemorrhage. Periparturient mares
also have a greater risk of adverse outcome.11,12

Cardiovascular Emergencies
Hemorrhage and Fluid Loss
Blood loss during surgery may be insidious or obvious. Body flu-
ids may also be lost during surgery to transudation, sequestration,
or evaporation. Extravasation of fluid to a nonfunctioning or se-

questered edema space is commonly referred to as loss to the
third space, the first and second spaces being the intracellular
and extracellular spaces. These losses may reduce circulating
blood volume significantly. Regardless of cause or route of loss,
a decrease in circulating blood volume is not well tolerated by
anesthetized patients.

Quantifying blood loss is important but can be difficult, so the
severity of hemorrhage is often assessed by its impact on the pa-
tient. Severe blood loss causes tachycardia, reduced arterial pres-
sure, pale mucous membranes, decreased pulse pressure, and de-
creased area under the arterial pulse wave.13,14 Packed cell
volume decreases only during resuscitation or fluid shift into the
vascular space, but base deficit increases as changes in bicarbon-
ate, and venous pH correlate with blood volume lost.15 All of the
aforementioned changes have been reported in anesthetized
horses, with one difference: Tachycardia in response to blood
loss is not usually observed in horses that are under anesthesia.16

Physiological responses to blood loss may be blunted or masked
by anesthetic and anesthetic adjunctive drugs (e.g., �2-agonists),
further emphasizing the need for appropriate monitoring for
early detection and correction of hypovolemia.

Shed blood can be replaced with crystalloids, colloids such as
plasma, hemoglobin-based oxygen-carrying solutions, dextrans,
whole blood, or a combination of these solutions (Table 53.1). In
most situations, hypertonic solutions do not seem to have a dis-
tinct advantage over isotonic crystalloid solutions.17 Crystalloid
solutions such as lactated Ringer’s or Plasmalyte are usually ad-
ministered at threefold the volume of shed blood, as a rough
guideline for resuscitation. The main advantage of crystalloid so-
lutions is their low cost. Colloid solutions such as whole blood,
plasma, hydroxyethyl starch, and hemoglobin-based oxygen car-
riers can be used as a substitute for crystalloids.18 Hemoglobin-
based oxygen-carrying solutions (e.g., Oxyglobin) are relatively
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Table 53.1. Management of complications associated with anesthesia.

Complication Treatment Trade Name Dosage Side Effects

Excitement, delirium Acepromazine PromAce 0.05–0.2 mg/kg IV, IM Prolonged recovery
Medetomidine Domitor 1–2 µg/kg IV Bradycardia
Diazepam Valium 0.25–0.5 mg/kg IV Hypothermia
Midazolam Versed 0.05–0.2 mg/kg IV, IM

Hypoventilation Oxygen — — Respiratory depression
Ventilation — — Additional hypoventilation if too 

aggressive ventilation
Resisting mask

Laryngospasm Topical lidocaine Xylocaine 2% —
Lidocaine jelly —
Lidocaine IV 1–2 mg/kg IV

Hypoxemia Oxygen —
Tracheostomy Portexa Subcutaneous emphysema
Ventilation Hyperventilation

Pneumothorax Oxygen
Chest tubes Sherwoodb — Infection
Thora-Seal III
Ventilation Hyperventilation

(continued)



expensive but have a long shelf life, and do not require cross-
matching.19 The use of colloids has the advantage of sustaining
colloid osmotic pressure while preserving plasma volume but 
has the disadvantage of being more expensive than crystalloid
solutions.

Acute hemorrhage of greater than 20% of the blood volume or
a decline in pack cell volume to less than 20% because of the

combined effects of blood loss and crystalloid fluid administra-
tion can be treated with an appropriate mass of red blood cells by
either transfusion of whole blood, packed red cells, or 10 to 30
mL/kg of a hemoglobin-based oxygen carrier.20,21 Hemoglobin-
based oxygen-carrying solutions or red blood cells are preferred
because of the need for restoring adequate hemoglobin concen-
trations to carry oxygen to the tissues. Smaller amounts of surgi-
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Table 53.1. Management of complications associated with anesthesia (continued).

Complication Treatment Trade Name Dosage Side Effects

Cardiac dysrhythmias
Tachycardia LRS — 10–20 mL/kg per hour Bradycardia

Esmolol Brevibloc 0.01–0.1 mg/kg IV Bradycardia
Propranolol Inderal 0.05–0.1 mg/kg IV Hypotension
Increase anesthesia — — Bradycardia

Bradycardia Atropine — 0.02 mg/kg IV Tachycardia
Glycopyrrolate Robinul V 0.005 mg/kg IV

Ventricular dysrhythmias Lidocaine Xylocaine Dogs: 0.5 mg/kg IV Bradycardia
Cats: 0.2 mg/kg IV Convulsions

Procainamide Pronestyl 10–20 mg/kg IM Hypotension
10–20 mg/kg IV per hour

Amiodarone Cordarone 5 mg/kg IV Liver toxicity
Hypothyroidism

Hypotension Fluids (LRS) — 10–20 mL/kg IV
Dopamine Intropin 3–5 µg/kg per minute Dysrhythmias
Dobutamine Dobutrex 3–5 µg/kg per minute Tachycardia

Hypertension
Blood or fluid loss Fluids (LRS) 40–90 mL/kg IV per hour Pulmonary edema

Blood 20–40 mL/kg IV Allergic reaction
Hydroxyethyl starch 6% Hetastarch 10–20 mL/kg IV per day Circulatory overload
Hemoglobin glutamer 200 Oxyglobin 10–30 mL/kg IV Circulatory overload

Hypothermia Warmed fluids 5–10 mL/kg IV per hour Overhydration
Water-heating pad Gaymard

Forced air warming Bair Huggerc Hyperthermia
Hypoglycemia Dextrose 5% — 1–2 mL/kg IV Hyperosmolality
Metabolic acidosis Sodium bicarbonate — 1–2 mEq/kg IV every 10 min Metabolic alkalosis

Hypokalemia
Hyperosmolality

Hyperkalemia Sodium bicarbonate — 0.5–1.0 mEq/kg IV As above
Sodium chloride 0.9% — 10–40 mL/kg per hour
Calcium chloride — 10 mg/kg IV Tachycardia

Hyperpyrexia Oxygen
Fluids (LRS) 5–10 mL/kg IV
Tranquilizers PromAce 0.05–0.1 mg/kg IM
Dantrolene sodium 2–4 mg/kg IV

Prolonged recovery Doxapram Dopram V 1–2 mg/kg IV Excitement
Yohimbine Yobine 0.5 mg/kg IV

Postoperative pain Morphine sulfate 0.1–1.0 mg/kg IM Respiratory depression
Buprenorphine Buprenex 0.01 mg/kg IV, IM Slow recovery
Butorphanol Torbugesic 0.2–0.4 mg/kg IM Slow recovery
Meloxicam Metacam 0.2 mg/kg SC Vomiting

IM, intramuscularly; IV, intravenously; LRS, lactated Ringer’s solution; SC, subcutaneously.
aShiley, Irvine, CA.
bSherwood Medical, St. Louis, MO.
cArizant Healthcare, Eden Prairie, MN.
dGaymar, Orchard Park, NY.



cal hemorrhage, not associated with severe decreases in the he-
moglobin concentration, can be replaced with crystalloids (e.g.,
lactated Ringer’s) or colloids rather than blood.

Cardiac Dysrhythmia
Most dysrhythmias are caused by preexisting medical conditions,
administration of premedications, anesthesia induction and
maintenance agents, and surgical stimulation. Dysrhythmias re-
quire treatment if they reduce cardiac output, cause sustained
tachycardia, or are likely to initiate dangerous ventricular dys-
rhythmias.

Canine gastric dilation/volvulus or multiple trauma often pre-
cipitates dysrhythmias that may require treatment prior to induc-
tion of anesthesia.22,23 Dysrhythmias following gastric dilation/
volvulus presumably have their origin in acid-base imbalance,
electrolyte disturbance, myocardial ischemia, circulating cardiac
stimulatory substances, and/or autonomic nervous system imbal-
ance. Treatment involves correcting physiological abnormalities
and administering lidocaine or procainamide. It is absolutely im-
perative that ventricular premature contractions (VPCs) be differ-
entiated from ventricular escape beats before administration of
antiarrhythmic drugs, because suppression of an escape rhythm
can cause immediate asystole and death. If the sinus rate is low,
an intravenous atropine injection of 0.02 mg/kg may increase the
sinus rate and invoke overdrive suppression, which may inhibit
the dysrhythmia. VPCs and ventricular tachycardia resulting
from a traumatized myocardium are commonly treated with lido-
caine or procainamide. If possible, surgery should be delayed 2
to 4 days or until the dysrhythmias have subsided.

Several of the popular drugs used as preanesthetic medication
can predispose patients to conduction abnormalities. Atropine or
glycopyrrolate can cause sinus tachycardia and increase myocar-
dial work and oxygen consumption. Phenothiazine tranquilizers
reportedly predispose the heart to sinus bradycardia, sinus arrest,
and, occasionally, first-degree and second-degree heart block, al-
though it has also been shown to protect against VPCs. Xylazine
causes bradycardia and second-degree atrioventricular block-
ade and decreases the epinephrine threshold for VPCs. The µ-
receptor agonist opioids morphine, hydromorphone, fentanyl,
and oxymorphone will also precipitate a slowing of heart rate via
increased vagal efferent activity. The anesthesia induction agents
thiopental and ketamine have been reported to increase the like-
lihood of dysrhythmia formation after epinephrine administra-
tion during halothane anesthesia.24,25 This multidrug interaction
has also been described for thiopental and isoflurane.24

Other factors responsible for the development of the dysrhyth-
mias during the surgical period include altered arterial carbon
dioxide partial pressure (PaCO2), altered PaO2, altered pH, and
autonomic reflexes from surgical manipulation, as well as central
nervous system disturbances and cardiac disease. Because most
perioperative dysrhythmias do not seriously affect cardiac out-
put, treatment can be discrete. Changing to a different inhalation
anesthetic, using intermittent positive-pressure ventilation, or in-
creasing the depth of anesthesia may eliminate the dysrhyth-
mia.26,27 Other treatments for controlling ventricular dysrhyth-
mias include correcting blood-gas abnormalities or administering

a small quantity of intravenous lidocaine (0.5 mg/kg) or pro-
cainamide (1.0 mg/kg).

Allergic Reactions
Allergic reactions involving anesthetics are uncommon but could
occur after sensitization to a drug. Allergic or anaphylactic reac-
tions are mediated by the immune system. They are more com-
monly associated with repeated exposure to an allergen, but
cross-reactivity may be seen with some preexisting allergies
(e.g., allergies to eggs and to egg proteins in propofol). Anaphy-
lactic reactions following thiopental administration have been re-
ported.28,29 Intravenous injection of the intravenous contrast
agent diatrizoic acid (Hypaque; Amersham Health, Princeton,
NJ) has caused tachypnea, bronchoconstriction, and mucoid di-
arrhea in dogs. Allergic reactions are treated with intravenous
fluids, antihistamines, and corticosteroids. Epinephrine should
be administered in severe reactions accompanied by severe bron-
choconstriction or cardiovascular collapse. Many unexpected re-
sponses to anesthetic and anesthetic adjunctive drugs have been
labeled as “allergies” by veterinarians; however, proper diagno-
sis is crucial because it may have serious ramifications for future
anesthetic delivery.

Cardiac Arrest
Successful treatment of cardiac arrest requires early diagnosis.
The brain is the organ most susceptible to hypoxia or ischemia,
because serious brain injury develops after only 4 or 5 min of car-
diac arrest. The brain injury can be multifactorial, including the
rapid loss of high-energy phosphate compounds during ischemia,
cell structural damage during reperfusion, progressive brain hy-
poperfusion especially in certain areas, and suppression of pro-
tein synthesis in selectively vulnerable neurons.30 Once the diag-
nosis of cardiac arrest has been confirmed, all efforts must be
toward developing effective blood flow and reestablishing a
heartbeat. Cardiopulmonary resuscitation (CPR) with external
cardiac massage appears to be ineffective in protecting the brain
from injury and should be only part of the initial resuscitation
protocol. If unsuccessful, time should not be wasted with exter-
nal CPR in lieu of more effective internal techniques.31

Cardiac arrest is diagnosed when some or all the signs listed in
Table 53.2 are present. When the heartbeat or peripheral pulse
cannot be palpated, the systolic blood pressure is generally less
than 50 mm Hg. In this circumstance, the heart may actually have
a weak beat, but cardiac output is probably very low and true car-
diac arrest imminent. A nonpalpable weak heartbeat along with a
regular rhythm has been termed pulseless electrical activity
(PEA), formerly known as electrical mechanical dissociation.
This type of functional cardiac arrest occurs with anesthesia
overdose and from many other causes, such as hypovolemia,
acute cardiogenic decompensation, severe acidosis, or hypox-
emia. It is important to look for correctable causes of PEA dur-
ing the first moments of resuscitation to improve the odds of suc-
cess. Other forms of cardiac arrest include asystole and
ventricular fibrillation. The three types of cardiac arrest can be
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differentiated with an electrocardiogram (ECG) or by direct ob-
servation of the heart during thoracic surgery or internal CPR.

Cardiopulmonary Resuscitation
When any or all of the signs listed in Table 53.2 are present, the
traditional ABCD protocol for treatment of cardiac arrest must be
started immediately. A refers to airway and reminds the resusci-
tator that a patent airway is a necessity. Endotracheal intubation
is the best method of insuring a patent airway. The goal of B,
breathing, is to supply high concentrations of oxygen to the alve-
oli and to eliminate carbon dioxide. Intermittent positive-
pressure ventilation is usually instituted in intubated patients, al-
though, when breathing room air and using chest compressions
only (no artificial ventilation), dogs have maintained adequate
gas exchange and oxygen saturation greater than 90% for longer
than 4 min.32 The real value of artificial breathing has been ques-
tioned for routine resuscitation in people.33 The current recom-
mendations for a breathing rate of 10 to 24 breaths/min may be
too high.34 Assuming there is enough blood flow to provide a
reading, the pulse oximeter can be useful as a guide to determine
respiratory rate. Simply ventilate at a rate that maintains hemo-
globin saturation at 90% or higher.

C refers to cardiac massage, which can be either external (tho-
racic) or internal. External thoracic massage is thought to pro-
duce cardiac output by one or a combination of two methods. The
thoracic pump theory holds that blood moves out of the thoracic
cavity during the compression half of the CPR cycle because of
a buildup of internal thoracic pressure (Fig. 53.1). This mecha-
nism is thought to occur primarily in animals with a body weight
greater than 15 to 20 kg. Evidence for the thoracic pump theory
includes the phenomenon of cough CPR in humans and artificial
cough CPR in dogs.35,36 The cardiac pump theory explains blood
flow in smaller animals or animals with a narrow side-to-side
thoracic width and refers to actual mechanical compression of
the myocardium by the thoracic wall during CPR systole (Fig.
53.2). Blood flow in some patients may be produced by a combi-
nation of the cardiac and thoracic pump mechanisms. Whatever
the reason for forward blood flow, it appears that external tho-
racic massage is not very protective of the brain, because CPR
performed for more than 3 or 4 min is often associated with sig-
nificant neurological injury.37 Because traditional external tho-
racic massage is apparently ineffective in many patients, various
maneuvers have been proposed to improve blood flow during
CPR. For example, interposed abdominal compression (IAC)38

involves manually compressing the abdomen in counterpoint to

the rhythm of the chest compression. The physiological reason
for improvement of blood flow is that compression of the abdom-
inal aorta responds like an intra-aortic balloon pump and that
pressure on the abdominal veins primes the right heart and pul-
monary vasculature in preparation for the next thoracic compres-
sion.39 This method of augmenting external CPR has been asso-
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Table 53.2. Signs of cardiac arrest.

1. No palpable heart beat
2. No palpable pulse
3. Apnea
4. Lack of surgical hemorrhage
5. Cyanosis
6. No muscle tone
7. Dilated pupils (later)

Fig. 53.1. External thoracic massage administered to a larger dog
that probably derives blood flow primarily from the thoracic pump
mechanism. The resuscitator, standing at the dog’s back, is applying
thoracic compressions over interspace 4 or 5 at the level of the cos-
tochondral junction. In larger dogs, the thoracic compressions may
not mechanically contact the heart, so all blood flow is derived from
increased intrathoracic pressure. The right hand is supplying a coun-
terforce for thoracic compressions with the palm of the left hand. The
compression rate for this dog should be from 80 to 100 beats/min.

Fig. 53.2. External thoracic massage administered to a cat with
blood flow derived from the cardiac pump. The thoracic walls contact
the heart with each compression. Note that only the thumb and fin-
gers of the right hand compress the thorax, while the left hand stabi-
lizes the cat. The compression rate should be from 100 to 120
beats/min.



ciated with improved survival in people and vital organ perfusion
in dogs.40,41 Utilization of IAC-CPR in over 100 dog CPR labs
as part of a clinical anesthesia rotation demonstrated that venous
return and arterial blood pressure improved for about 1 min, after
which hemodynamics began to fail again (A. T. Evans, personal
observation). Another way of improving blood flow during CPR
is to simultaneously ventilate at the time of thoracic compres-
sion. Simultaneous ventilation-compression (SVC) CPR has im-
proved carotid blood flow during resuscitation of animals.42

Opposing evidence has also been presented that shows that the
mitral valve of dogs may actually close in response to rhythmic
increases in intrathoracic pressure.43 Despite this evidence to the
contrary, SVC-CPR probably improves blood flow during CPR
of large dogs when the thoracic pump is the primary mechanism
in generating blood flow.

Open thoracic or internal CPR is more effective at perfusing
the heart and brain during the critical beginning minutes of
CPR.44–46 Higher blood pressure and cardiac output can be
achieved with internal CPR. Most veterinary practices are well
equipped to perform internal CPR because controlled ventilation
and thoracotomy can be performed. The limiting factor in its em-
ployment is often the surgical inexperience of the attending vet-
erinarian or the “do not resuscitate” wishes of the animal owner.
Although it can be a difficult subject to broach, it is desirable to
ascertain prior to the procedure the owner’s wishes concerning
CPR, in writing, in the event that cardiac arrest should occur dur-
ing anesthesia and surgery. Valuable time may be lost trying to
contact owners. Whichever method of CPR is chosen, there are
some guidelines for CPR technique that, when followed, can im-
prove success. The animal should be in right lateral recumbency
with the resuscitator standing at its back (Fig. 53.1). The thoracic
or cardiac compression rate should be 80 (large dogs) to 120
(cats) per minute.47,48 A longer compression time will augment
forward blood flow when using the thoracic pump mechanism.

The recommendations for D, definitive or drug therapy, start
with the immediate use of epinephrine. Epinephrine should be
administered early, preferably into a central vein or alternatively
into a peripheral vein, intrabronchially, or directly into the cham-
ber of the left ventricle.49 For intrabronchial administration, use
a flexible catheter wedged into a distal bronchus.50 For intracar-
diac placement, use a long, 22-gauge needle inserted at the left
thoracic fourth or fifth interspace and costochondral junction.
For intravenous administration, a dose of 0.05 to 0.1 mg/kg is
used, whereas bronchial administration requires 0.05 to 0.1
mg/kg diluted to a 2- to 3-mL volume with saline. The dose for
intracardiac epinephrine is 0.025 to 0.05 mg/kg. Even though in-
tracardiac epinephrine seems appealing as a way of efficiently
delivering the drug to the heart, the technical difficulty of posi-
tioning the needle in the chamber of the left ventricle when the
heart cannot be palpated, along with the potential for myocardial
or coronary vascular injury, makes this technique the least advan-
tageous. Since the goal of CPR is to revive the heart as soon as
possible, early administration of epinephrine is crucial, and it
should be given immediately after diagnosis of cardiac arrest.

The use of vasopressin in asystolic cardiac arrest has been rec-
ommended as a new standard of care in people.51 The interest in

vasopressin as treatment for cardiac arrest was due to an observa-
tion in the early 1990s that endogenous vasopressin levels were
greater in survivors of cardiac arrest than in patients that died.52

The resuscitation success from the injection of vasopressin com-
pared with epinephrine may be because the heart continues to
consume oxygen after epinephrine injection (especially with
tachycardia that often follows successful epinephrine-assisted re-
suscitation), whereas vasopressin augments coronary blood flow
through an increase in systemic vascular resistance and increased
diastolic perfusion pressure without an accompanying tachycar-
dia.53,54 In people, epinephrine may be potentially detrimental in
early asystolic cardiac arrest because exogenous epinephrine
could be expected to potentiate hypoxemia and advancing acido-
sis, which could further impair the pressor effects of epineph-
rine.51 Tracheal administration of vasopressin (1.2 units/kg) in
anesthetized dogs has resulted in systolic, diastolic, and mean
blood pressure increases that last longer than 1 h.55 Although re-
search into the effects of vasopressin in treating cardiac arrest in
dogs is scarce, an intravenous dose of 0.8 units/kg has been sug-
gested for treatment of shock-refractory ventricular fibrillation,
pulseless ventricular tachycardia, asystole, and PEA.56

Lidocaine is used after resuscitation if ventricular dysrhyth-
mias are compromising cardiac output. The use of lidocaine dur-
ing ventricular fibrillation to improve the results of electrical de-
fibrillation is being reevaluated.57 Lidocaine is usually given as
an intravenous bolus at a dose of 0.5 mg/kg. Amiodarone has also
been recommended for shock-refractory ventricular tachycardia
or fibrillation in people.58 Because of its vasodilatory effects on
the coronary circulation, amiodarone (5 mg/kg intravenously) is
best administered in combination with epinephrine.59 Metabolic
acidosis from hypoxia and ischemia, and respiratory alkalosis
caused by iatrogenic hyperventilation during treatment of cardiac
arrest, commonly occur during resuscitation.60 The immediate
use of bicarbonate is controversial, because metabolic acidosis is
slow to develop during CPR and is somewhat neutralized by an
ensuing respiratory alkalosis. Respiratory alkalosis is caused by
external thoracic compression and controlled ventilation during
CPR. Sodium bicarbonate (1 mEq/kg) administered after 10 min
of resuscitation will improve the chance of return of spontaneous
circulation and may play a role in mitigating postresuscitation
cerebral acidosis.61,62 However, bicarbonate administration can
result in production of carbon dioxide as metabolic acid is
neutralized. Careful monitoring of PaCO2 can be a guide to ade-
quate ventilation postresuscitation to avoid paradoxical cerebral
acidosis.

Atropine or glycopyrrolate are important drugs to administer
during CPR because reflex bradycardia may have contributed to
the initial cardiac arrest. In addition, bradycardia often occurs
after a heartbeat has been established. Atropine at 0.02 to 0.04
mg/kg or glycopyrrolate at a dose of 0.01 mg/kg intravenously
will enhance the automaticity and conduction of both sinoatrial
and atrioventricular nodes.63

In dogs and cats, pulseless electrical activity is apparently
more common than ventricular fibrillation.64 Asystole, observed
as a flatline ECG, is the next most common form of cardiac ar-
rest, with ventricular fibrillation the least common. It is fortu-
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itous that ventricular fibrillation is the least common expression
of cardiac arrest, because most veterinary practices do not have
access to a direct-current defibrillator. If a direct-current defibril-
lator is available, clip the hair from a small area from each side
of the thorax. After applying electrode gel to each paddle, firmly
apply the paddles to the thorax (Fig. 53.3) and administer a shock
of approximately 3 to 5 joules (watts/seconds) per kilogram of
body weight. Sequential discharges of increasing energy may be
more effective at converting fibrillation.56 Internal defibrillation
requires a smaller electrical discharge: a total of 10 to 50 joules.
Alcohol should not be used for ECG lead placement during CPR
because alcohol is highly flammable and may be ignited by a de-
fibrillator.

Internal Cardiopulmonary Resuscitation
After administration of epinephrine, and after attention to airway
(A) and breathing (B) of the CPR protocol, begin external tho-
racic massage. It seems reasonable to start external CPR even
though success rates are low with this method. Some animals re-
spond positively to one or two doses of epinephrine and 1 or 2
min of external CPR. These appear to be primarily animals in
PEA or asystole. If there is no response after 2 min, one should
quickly begin the more productive internal CPR technique.65

Unfortunately, many practitioners may not feel confident about
performing a thoracotomy when they have little or no previous
experience with this procedure. There is little to lose, however,
when a patient is in cardiac arrest and has not responded to ini-
tial resuscitation attempts. Emergency thoracotomy can be ac-
complished quickly in an arrested animal. Clip the hair from the
left thorax at the fifth interspace. Spray or wipe the area with an
antiseptic solution and incise the skin starting 1 inch from the
spine to within 1 inch of the sternum. With surgical scissors, con-

tinue incision through the various tissue layers, avoiding the in-
ternal thoracic artery near the sternum. Bluntly penetrate the
pleura, extend the incision, and spread the ribs. If the abdomen is
open during surgery, a transdiaphragmatic approach has been
used (especially during diaphragmatic hernia surgery) to reach
the heart in a timely manner. Reach into the thorax and begin car-
diac massage at a rate of 80 to 120 compressions per minute.
Depending on its size, the heart can be massaged with fingers,
one hand, or two hands.66 Epinephrine can now be easily admin-
istered into the left ventricle as required. If the resuscitation is
successful and mental alertness improves, the patient can be
anesthetized to complete closure of the thoracic incision. The
thorax should be flushed with warm, sterile physiological saline
and closed in a routine manner. Infection is rare after emergency
thoracotomy in people and, from clinical experience, uncommon
in dogs.67,68 An algorithm for patients with confirmed cardiac ar-
rest is presented in Fig. 53.4.

Postresuscitation Care
Once there is a return of spontaneous circulation, attention must
be directed toward limiting the neurological injury and other se-
quelae produced by the cardiac arrest. Intensive care must be pro-
vided to address blood-gas abnormalities, respiratory insuffi-
ciency, hypotension, cardiac dysrhythmias, and temperature.
Clinical trials in people have demonstrated neurological benefit
of mild therapeutic hypothermia (32°C to 34°C) in survivors of
out-of-hospital cardiac arrest.69 Mild hypothermia should be in-
stituted as soon as possible after resuscitation and maintained for
at least 12 h. Cooling methods that may work in smaller animals
involve surface cooling of the head and neck, as well as circula-
tion of cool air over the patient’s body. Tympanic membrane tem-
perature can be used as a proxy for brain temperature. Applica-
tion of mild hypothermia may improve the rather dismal success
rate of cardiac and brain resuscitation in animals.

After successful CPR, the use of intravenous antibiotics has
been recommended to counter the potential septicemia that can
follow ischemic insult of the integrity of the lining of the gas-
trointestinal tract. Administration of osmotic diuretics such as
mannitol (0.5 to 1.0 g/kg intravenously) after resuscitation has
also been recommended to counter cerebral edema secondary to
ischemia.

Perivascular Injection
Among all of the injectable anesthetics in use today, the perivas-
cular injection of thiopental has likely caused more local tissue
damage than all other anesthetics put together, primarily because
of its very alkaline pH. It is, however, unusual for a perivascular
slough to occur if the concentration of thiopental is 2.5% or less.
If thiopental is inadvertently injected, perivascular treatment
should consist of infiltration of the area with saline to dilute the
thiopental, lidocaine to vasodilate capillaries and increase absorp-
tion, and corticosteroids to decrease the inflammatory response.
Propofol, ketamine, and etomidate normally do not cause tissue
sloughing if accidentally injected perivascularly. In horses or cat-
tle, glycerol guiacolate is irritating and will likely cause a tissue
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Fig. 53.3. Placement of direct-current paddles for defibrillation of
the heart during cardiac arrest. An area under the paddles has been
shaved and electrode jelly applied to the paddles. Administer a shock
of approximately 3 to 5 joules (watts/second) per kilogram of body
weight. Sequential discharges of increasing energy of 50% at each
shock may be more effective at converting fibrillation.
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slough if a large volume is injected or infused outside the intended
vessel. Many catecholamine solutions including dopamine can
lead to tissue necrosis after perivascular injection. Intense �1-
receptor–mediated vasoconstriction is likely the cause.

Respiratory Insufficiency
Respiratory depression is defined by an increase in PaCO2, and
not by a decrease in respiratory rate alone. It is common for res-
piratory rate to decrease with a decrease in the level of activity
and awareness (e.g., sleep), but tidal volume typically increases to
compensate, resulting in no net change in PaCO2. During anesthe-
sia, respiratory insufficiency is common because many factors
alter the chemoreceptor responsiveness to carbon dioxide, leading
to elevated PaCO2. Causes include the administration of opioids
and other sedatives prior to anesthesia, the relative overdose of in-
duction agents, positioning for surgery, respiratory depressant ef-
fects of inhalants, surgical trauma, recovery from bronchial alve-
olar lavage, and excessive use of opioids during recovery. The use
of opioids with or without tranquilizers prior to induction of anes-
thesia to provide sedation and analgesia often results in a patient
being well sedated but with depressed ventilatory drive. High
doses of µ-receptor agonists such as oxymorphone, hydromor-
phone, and morphine are more likely to produce respiratory de-
pression than is the �-receptor agonist butorphanol. In addition,
the decreased responsiveness to increased carbon dioxide tensions
during halothane, isoflurane, or sevoflurane anesthesia tends to
cause hypoventilation, although surgical stimulation often over-
rides some anesthetic-induced loss in respiratory drive.70,71 In ad-
dition to the depressant effects of inhalants on responsiveness to
increased PaCO2, subanesthetic doses depress the peripheral
chemoreceptors such that hypoxia does not stimulate a ventilation
response.72,73 Hypoxia often occurs during recovery from anes-
thesia after diagnostic bronchial alveolar lavage (BAL). Although
BAL with volumes of up to 4 L have only transient effects in
healthy dogs, BAL can lead to increased morbidity and mortality
in dogs and cats with severe respiratory disease.74–76 During
BAL, supplemental oxygen can be administered by insufflation
with a small rubber tube placed in the trachea alongside the bron-
choscope (Fig. 53.5). After the procedure, oxygen should be ad-
ministered by endotracheal tube, mask, or chamber until the
pulse-oximeter readings remain at 90% saturation or higher while
room air is breathed. Airway obstruction may also occur after ear-
ablation surgery. Soft tissue swelling in the posterior pharynx may
be severe enough to require a tracheostomy for relief.

Apnea is common during routine anesthesia. It occurs during
induction after the administration of thiobarbiturates or propofol,
during maintenance of anesthesia with ketamine, when controlled
ventilation is discontinued, and as a consequence of deeper-
inhalation anesthesia. Apnea occurring at induction is generally
transient and is treated by low-frequency intermittent ventilation
that is adequate to maintain hemoglobin-oxygen saturation at
greater than 90%. Apnea occurring later during anesthesia, espe-
cially in spontaneously breathing animals, must be quickly recog-
nized and treated with decreasing anesthetic concentrations
and/or high-frequency positive-pressure ventilation. Apnea late in

anesthesia is usually caused by excessive depression of the respi-
ratory centers of the brain secondary to high anesthetic concentra-
tions, or because of decompensation associated with severe neu-
rological disease such as hydrocephalus or intracranial neoplasia.

Generally, apnea during induction of anesthesia with thiobar-
biturates or propofol is caused by a relative overdose or a fast
bolus injection.77 Ketamine and diazepam in a 1:1 mixture by
volume is commonly used for anesthesia in cats. Apnea often oc-
curs, especially when anesthesia is maintained with supplemen-
tal isoflurane. This combination of drugs, each of which is a res-
piratory depressant alone, can induce a persistent respiratory
depression. If, in response to respiratory depression, assisted or
controlled ventilation is employed, PaCO2 will often be reduced
below the arterial or alveolar PCO2 level at which cats will re-
main apneic (apneic threshold). Decreased functional residual
capacity (FRC) during anesthesia can increase hypoxia by lower-
ing alveolar ventilation-perfusion ratios (VA/Q) and expanding
atelectatic areas. This occurs because the FRC is close to or less
than the closing volume (CV) of the lung. The CV is the volume
of the lung at which small airways begin to close. When the tidal
volume is less than the CV, small airways remain closed through-
out the breathing cycle, and atelectasis increases. If the CV of
some airways remains within the tidal volume range, then there
is some air exchange during inspiration and expiration, though
not the normal amount. This partial ventilation decreases the
VA/Q. These lung changes are prevalent in older animals and
during anesthesia. Intermittent positive-pressure breathing and
positive end-expiratory pressure (PEEP) can be used to diminish
the hypoxia that occurs from changes in FRC.

Equipment Malfunction
Routine equipment maintenance and leak tests should be used to
reduce the chances of anesthesia-machine malfunctions. Com-
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Fig. 53.5. Placement of a red rubber tube into the trachea for insuf-
flation of oxygen during bronchial alveolar lavage. The red rubber
tube via an extension is connected to the oxygen line that normally
connects the anesthesia machine with the circle.



mon equipment malfunctions include “channeling” of gas flow
through the carbon dioxide–absorbent canister, “sticking” of the
exhalation check valve in the open position, interruption of oxy-
gen supply, and kinking of the endotracheal tube. All of these
equipment malfunctions can be rapidly detected with the routine
use of a capnograph and pulse oximeter during inhalant or in-
jectable anesthesia. Channeling occurs when gas flow through
the carbon dioxide–absorbent canister is uneven, resulting in
early termination of carbon dioxide absorption. If the pathway is
through the center of the canister, there is not likely to be any
observable change in color of the carbon dioxide absorbent, al-
though the end-tidal carbon dioxide monitor should indicate in-
creased rebreathing of exhaled gases (i.e., elevation of inspired
carbon dioxide). Another cause of increased rebreathing of ex-
haled gases involves a malfunction of the exhalation check
valve. The accumulation of moisture from humidified exhaled
gases condensing on the cooler anesthesia machine parts can
cause the check valve to remain in the open position (Fig. 53.6).
In this situation, patients will rebreathe more exhaled gas and
higher levels of carbon dioxide. The oxygen supply to a patient
can be mistakenly interrupted when the oxygen lines have been
pressurized before the oxygen cylinder has been turned off.
When the oxygen flowmeter is turned on again, oxygen flow is
initially present, giving the impression the oxygen cylinder is
open, but will cease when the oxygen in the lines is exhausted.
This is more likely to occur when switching from a central sup-
ply of oxygen to smaller oxygen cylinders mounted onto the
anesthetic machine. The endotracheal tube can kink during ex-
treme flexion of the animal’s neck during positioning for cere-
bral spinal fluid tap, cervical spine radiographs, or ophthalmo-
logic procedures. One should always determine patency of the
endotracheal tube after extreme flexion of the head and neck.
Use of a wire-reinforced endotracheal tube can reduce the inci-
dence of obstruction (Fig. 53.7). If any problem is suspected

with the anesthesia machine, the patient should be disconnected
from the machine and temporarily ventilated with room air until
the problem is solved.

Delayed Recovery
Occasionally, an animal will fail to recover normally from anes-
thesia. Common causes of this problem include hypothermia, hy-
poglycemia, and heavy narcotization. Hypoglycemia has been
shown to decrease the minimum alveolar concentration of halo-
thane in rats.78 Hypoglycemia can be clinically silent in anes-
thetized patients, which emphasizes the importance of glucose
monitoring in susceptible patients. During anesthesia, signs of
sympathetic overactivity or ventricular arrhythmias may be the
only detectable evidence of life-threatening hypoglycemia.79

Patients at high risk of developing hypoglycemia in the perianes-
thetic period include neonates, very small patients, fasting dia-
betics treated with their usual insulin dose, and dogs with gluco-
corticoid deficiency.80

Occasionally, coma or blindness can follow anesthetic-related
insult to the central nervous system. If persistent neurological
deficit follows an apparently uneventful anesthetic procedure,
likely causes include hypoxia, severe hypotension, undiagnosed
hydrocephalus, other preexisting neurological dysfunction, or an
idiosyncratic drug-related response. In these cases, the exact eti-
ology may be harder to determine. Treatment of these patients is
primarily supportive, and the prognosis has to be guarded. In
cases of anesthesia-related cortical blindness, vision may return
as long as 2 weeks later, so cautious optimism is appropriate.

Reports of poor or delayed recoveries from anesthesia abound
in popular canine and feline breed journals, and many breed so-
cieties relay stories of anesthetic-related problems. There are in-
deed situations where breed-specific anatomical or physiological
peculiarities may complicate anesthetic management. Also, ge-
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Fig. 53.6. Because of condensation of humidified exhaled gases on
the dome and valve, this exhalation check valve has become lodged
in the open position, enabling rebreathing of expired gases. An end-
tidal carbon dioxide monitor would detect this equipment problem.

Fig. 53.7. The use of a wire-reinforced endotracheal tube will pre-
vent kinking of the tube and obstruction of oxygen flow to patients.
The protected endotracheal tube should be used when extreme flex-
ion of the animal’s head and neck or of the endotracheal tube is
anticipated.



netic differences in specific populations of a species or breed can
perhaps increase the risk of performing anesthesia in some indi-
vidual animals. Nevertheless, most animals presented with non-
specific warnings about delayed recovery from anesthesia re-
spond normally to the careful dosing of commonly used
anesthetic agents. Inappropriate dosage of anesthetic or inade-
quate patient monitoring is more likely the common culprit in
many cases of reported “anesthetic sensitivity.”

Gastroesophageal Reflux and
Regurgitation
Reflux of gastric contents into the esophagus has occurred if
esophageal pH decreases below 4 (reflux of gastric acid) or
above 7.5 (reflux of bile). This reflux is clinically silent and usu-
ally acidic.81,82 The lower esophageal sphincter is considered to
be the primary barrier to the development of this reflux.83 Lower
esophageal sphincter pressure in dogs is decreased with the use
of isoflurane, atropine, acepromazine, and xylazine.84,85 The ef-
fects of many other anesthetic agents on sphincter function have
not been determined. Gastroesophageal reflux (GER) reportedly
occurs during anesthesia in approximately 17% of dogs receiving
thiopental, halothane, and other agents; in 50% of dogs receiv-
ing propofol; and in up to 60% of dogs receiving preanesthetic
morphine.81,82,86,87 A 5% incidence of GER has been reported 
in a population of anesthetized people, which suggests that
anesthetic-induced GER occurs less frequently in people than in
dogs, even though opioids are commonly used in both species.88

In some cases, the refluxate is of sufficient volume to reach the
pharynx and even drain from the mouth (regurgitation). The inci-
dence of regurgitation is currently estimated at around 0.1% in
animals anesthetized at the Michigan State University Veterinary
Teaching Hospital.89 This material may be aspirated into the
lungs, leading to pneumonitis, or may cause local irritation of the
esophagus as a prelude to development of ulcerative esophagitis
and stricture formation.83,88,90,91

Hypothermia
This occurs commonly in anesthetized patients because of de-
pressed thermoregulation, excessive heat loss relative to meta-
bolic production, and mixing of core and peripheral blood by in-
discriminant vasodilation. Heat is lost to the environment
through convection, conduction, radiation, and evaporation, and
occurs more rapidly when body surface is larger relative to body
mass. Many anesthetic drugs, including opioids, the inhalant
anesthetics, and �2-agonists, interfere with thermoregulation and
contribute to prolonged postoperative hypothermia.92–94

Inhalation anesthetics lower the threshold for response to hy-
pothermia in people to about 34.5°C, and presumably this occurs
in animals, as well.92 The rate of core temperature decrease in
horses under halothane anesthesia has been shown to be
0.37°C/h, which is reduced to 0.19°C/h with the application of a
forced-air warmer to help maintain patient body temperature.95

Anesthetized dogs have been shown to have a decrease in rectal
temperature of 1.9°C/h in the first hour of anesthesia.96

Hypothermia has been associated with pain, suppressed phago-
cytic activity including decreased migration of polymorphonu-
clear cells, reduced superoxide anion production, and reduced
bacterial killing, and thus may contribute to systemic suppression
of immune reactivity in the perioperative period.97 In a retrospec-
tive study of dogs, mild decreases (1°C) in body temperature dur-
ing surgery were not related to increased risk of incisional infec-
tions.98 Accidental surgical hypothermia can be limited by
increasing the ambient temperature, but this is seldom feasible.
Circulating warm-water pads, especially applied to the legs, have
been shown to help preserve body heat in dogs.99 Forced-air
warming systems currently are the most efficient and effective
means of preserving or increasing body heat in anesthetized pa-
tients. This warming technique has been shown to delay or re-
duce the rate of heat loss in horses, dogs, and parrots.95,100

Humidification and warming of inhaled gas has been shown to be
ineffective as a sole means of maintaining core temperature in
dogs or cats.96,101,102 The use of uncovered electrical heating
pads or “hot-water gloves” is discouraged because of potential
for thermal injury.103,104

Hyperthermia
Drug-induced hyperthermia is rare in the practice of veterinary
anesthesia. However, µ-receptor opioid agonists such as hydro-
morphone and fentanyl have been associated with moderate hy-
perthermia in some cats. The most commonly used drugs in
human practice that can cause hyperthermia include antipsy-
chotic agents, serotonin antagonists, sympathomimetic agents,
inhalation anesthetics, and agents with anticholinergic proper-
ties.105 The resultant hyperthermia is frequently accompanied
by intense skeletal muscle rigidity (contracture), rhabdomyoly-
sis, and hyperkalemia. Neuroleptic malignant syndrome is a rare
but potentially lethal reaction to antipsychotic drugs, including
phenothiazines and lithium.96 Dopaminergic antagonism, a di-
rect myotoxicity, altered thermoregulation, or extrapyramidal
hyperactivity are postulated to contribute to the development of
this syndrome. It is very possible that this syndrome could even
occur in phenothiazine-treated animals placed in a very warm
environment.

Malignant hyperthermia is an inherited membrane-linked ab-
normality (ryanodine receptor mutation) that has been docu-
mented in several species, including pigs, dogs, cats, and
horses.106–109 Susceptible patients should be anesthetized with
barbiturates, propofol, opiates, and tranquilizers, and may be pre-
treated with dantrolene. Avoidance of known triggering agents—
such as potent inhalation anesthetics, depolarizing muscle relax-
ants and stress—is advised.

Accidental iatrogenic hyperthermia can develop during warm
ambient temperatures, in animals with thick hair coats, and with
the use of forced-air warming systems. It is important to monitor
body temperature in patients where active heating strategies are
being used. Some smaller patients when treated with forced-air
warming on the highest setting (43°C) heat up rapidly. In most
situations, iatrogenic hyperthermia subsides rapidly after the heat
source is removed.
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Injuries
A number of other conditions can lead to injury during anesthesia:

Swollen feet: Limbs can be secured by ties placed so tight that
they reduce venous drainage.

Corneal ulcers: Anesthetics reduce or eliminate the palpebral
and corneal reflex and reduce tear formation. Chemical irritants,
physical trauma, or drying can lead to ulceration. Artificial tears
are important in preventing these problems.

Tracheal mucosal injury: Overinflation of the cuff or moving
the cuff while it is inflated can cause mucosal injury, tracheal
rupture, or tracheal chondromalacia. Tracheal rupture is an un-
common sequela to intubation in cats and can usually be treated
medically.110 When changing patient positions, the endotracheal
tube should be disconnected from the Y adapter, and the patient’s
head and neck supported to prevent sliding or movement of the
endotracheal tube cuff. To prevent pressure-induced mucosal
necrosis, it is wise to inflate the cuff of the endotracheal tube
only sufficiently to seal a leak at 10 to 20 cm H2O. It is not rec-
ommended to simply put “some air” in the cuff without checking
its pressure.

Joint pain: Older animals with arthritic joints that are placed
on their backs for surgery may have joint pain for days following
anesthesia.

Pulmonary barotrauma: Overinflation of the lungs will dam-
age the pulmonary structures significantly if pressures exceed 30
cm H20.111–113 Inadvertently leaving the adjustable pressure-
limiting valve (pop-off valve) closed or using the oxygen flush
when the patient is on a Bain’s system can create pulmonary
overpressurization. One simple way to provide protection for the
patient if the pop-off valve inadvertently remains in the closed
position is to place a commercially available PEEP valve in the
breathing circuit (Fig. 53.8).

Epidural Analgesia and Regional Nerve
Block
The use of the epidural route for delivery of opioids and local
anesthetics is becoming increasingly popular, especially with
prolonged drug delivery by epidural catheter.114–118 There are re-
ports of epidural catheters having been placed and left in dogs for
7 days and in horses for up to 20 days, with the main complica-
tion being catheter dislodgement and local tissue response.116–118

Meticulous attention to aseptic technique is essential when drugs
or catheters are placed in the epidural space. Epidural absces-
sation and discospondylitis have been reported following
epidural injection.119 Other complications reported following
epidural injection in dogs include urinary retention, prolonged
cerebrospinal fluid levels of morphine, myotonus, and pruri-
tus.114,120–122 Subarachnoid injection of preservative-free mor-
phine in a dog caused such severe pruritus and myoclonus that
the dog had to be anesthetized for several hours until the reaction
resolved.121 The authors have observed one horse with severe
pruritus of the hind feet after epidural injection of xylazine and
local anesthetic. Sedation with detomidine was sufficient to calm

this horse. It appears from anecdotal reports that when a local
anesthetic is combined with xylazine for epidural injection in
horses, hind-limb ataxia and weakness are more likely to occur.

Regional nerve block has some risk of causing local anesthetic
toxicity, although combining local anesthetics with epinephrine
(5 µg/mL) will dramatically reduce this risk. Direct needle
trauma to the nerve being blocked can cause a prolonged or per-
manent neural deficit. Local hemorrhage may result in hematoma
formation, but this is generally self-limiting.

Electrolyte Abnormalities
Hyperkalemia is one electrolyte abnormality that can be associ-
ated with acute death.123,124 The causes of rapid-onset hyper-
kalemia during anesthesia and surgery include transfusion of old
stored blood, chronic heparin therapy (dogs), uroperitoneum (es-
pecially foals and cats), iatrogenic administration (potassium
penicillin or potassium chloride), and hyperkalemic periodic
paralysis (HPP). Horses that are homozygous or heterozygous
for HPP should be closely monitored. Diet change or the stress
of fasting, anesthesia, and pain may lead to an attack in the peri-
anesthetic period. Signs of an HPP attack are obvious even in
anesthetized horses as hyperkalemia produces very characteristic
ECG changes.125 Arrhythmias caused by hyperkalemia can lead
to cardiac arrest and may not respond to conventional antiar-
rhythmic therapies, but do respond to the rapid treatment of hy-
perkalemia.125,126 Aggressive lowering of serum potassium by
using acetazolamide, furosemide, dextrose, and sodium bicar-
bonate, and the reversal of hyperkalemic effects on cell mem-
brane potential by calcium administration can help resolve an
HPP crisis if it occurs during anesthesia.125,126

Hypokalemia caused by hemodilution and decreased intake is
the most common cause of postoperative arrhythmias in people.
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Fig. 53.8. A 20-cm water positive end-expiratory pressure (PEEP)
valve can serve as an emergency release valve in case the adjustable
pressure-limiting valve (pop-off valve) is accidentally closed and pres-
sure begins to build in the anesthesia system. The PEEP valve can be
used with circle and Bain’s anesthesia delivery systems.



Arrhythmias (ventricular ectopy) associated with this electrolyte
disturbance are not commonly observed in other animals. Hypo-
calcemia is an insidious electrolyte disturbance that can also be a
problem for anesthetized patients. Hypocalcemia can lead to
muscle weakness, which can be particularly problematic for
horses trying to stand while recovering from anesthesia.
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Standard Values and Equivalents*
Metric Weights

1 gram (1 g) = weight of 1 cc water at 4°C
1,000 g = 1 kilogram (kg)

0.1 g = 1 decigram (dg)
0.01 g = 1 centigram (cg)

0.001 g = 1 milligram (mg)
0.001 mg = 1 microgram (µg)

Metric Volumes
1 liter (L) = 1 cubic decimeter or 1,000 cubic centimeters (cc)
0.001 liter = 1 milliliter (mL)

Solution Equivalents
1 part in 00,010 = 10.000% (1 mL contains 100.00 mg)
1 part in 00,050 = 02.000% (1 mL contains 020.00 mg)
1 part in 00,100 = 01.000% (1 mL contains 010.00 mg)
1 part in 00,200 = 00.500% (1 mL contains 005.00 mg)
1 part in 00,500 = 00.200% (1 mL contains 002.00 mg)
1 part in 01,000 = 00.100% (1 mL contains 001.00 mg)
1 part in 01,500 = 00.066% (1 mL contains 000.66 mg)
1 part in 02,600 = 00.038% (1 mL contains 000.38 mg)
1 part in 05,000 = 00.020% (1 mL contains 000.20 mg)
1 part in 50,000 = 00.002% (1 mL contains 000.02 mg)

The number of milligrams in 1 milliliter of any solution of known percentage strength is obtained by moving the decimal one place
to the right.

Apothecaries’ or Troy Weight
(Used in Prescriptions)

1 pound (lb) = 12 ounces = 5,760 grains
1 ounce = 08 drams = 0,480 grains
1 dram = 60 grains

Apothecaries’ Volume
1 pint = 16 fluid ounces
1 fluid ounce = 08 fluid dram = 0,480 minims 
1 fluid dram = 60 minims
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Avoirdupois or Imperial Weight
(Used in commerce in the United States and in the British Pharmacopeia)

Grain = same as Troy grain
Ounce (oz) = = 7,437.5 grains
Pound (lb) = 16 oz = 7,000 grains
Ton = 2,000 lb

Imperial Volume
Apothecaries’

System
Minims = = 0.96
Fluidrachm (fl dr) = 60 minims = 0.96 fl
Fluidounce (fl oz) = 08 drachms = 0.96 fl
Pint = 20 fluid ounces = 1.2 ounces
Gallon = 08 pints = 1.2 gallons

Approximate Equivalent Weights
1 kilogram = 2.2 Avoirdupois/Imperial pounds
1 kilogram = 2.6 Apothecary or Troy pounds
1 gram = 15 (15.4) grains
1 milligram = 1/60 (1/64) grain
1 ounce = 30 grams

(Avoirdupois or Imperial = 28.350 grams)
(Apothecary or Troy = 31.1035 grams)

1 dram = 4 grams
1 grain = 60 milligrams

Approximate Equivalent Volumes
1 liter = 1 quart
1 milliliter or cubic centimeter = 15 minims
1 pint = 500 cubic centimeters
1 fluid ounce = 30 cubic centimeters

(Avoirdupois or Imperial = 28.412 cubic centimeters)
(Apothecary or Troy = 29.574 cubic centimeters)

1 fluid dram = 4 cubic centimeters
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Equivalents of Centigrade and Fahrenheit Thermometric Scales
Centigrade Fahrenheit Centigrade Fahrenheit

Degree Degree Degree Degree
�17 +01.4 14 57.2
�16 3.2 15 59.0
�15 5.0 16 60.8
�14 6.8 17 62.6
�13 8.6 18 64.4
�12 10.4 19 66.2
�11 12.2 20 68.0
�10 14.0 21 69.8
�09 15.8 22 71.6
�08 17.6 23 73.4
�07 19.4 24 75.2
�06 21.2 25 77.0
�05 23.0 26 78.8
�04 24.8 27 80.6
�03 26.6 28 82.4
�02 28.4 29 84.2
�01 30.2 30 86.0

0 32.0 31 87.8
+01 33.8 32 89.6

2 35.6 33 91.4
3 37.4 34 93.2
4 39.2 35 95.0
5 41.0 36 96.8
6 42.8 37 98.6
7 44.6 38 100.4
8 46.4 39 102.2
9 48.2 40 104.0

10 50.0 41 105.8
11 51.8 42 107.6
12 53.6 43 109.4
13 55.4 44 111.2

45 113.0

Gas Densities
(Weight of Unit Volume)

22.4 liters of any gas are equal to its molecular weight in grams at a pressure of 760 mm of mercury (Hg) and 0°C.

Molecular Weights
Air = 29 g
Oxygen = 32 g
Nitrous oxide = 44 g
Carbon dioxide = 44 g
Ether = 74 g
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Special Symbols*
– A dash above any symbol indicates a mean value.
· A dot above any symbol indicates a time derivative.

For Gases
Primary Symbols

(Large Capital Letters) Examples
V = gas volume VA = volume of alveolar gas
V· = gas volume per unit time V· o2 = oxygen consumption/min
P = gas pressure PAO2 = alveolar oxygen pressure
P
–

= mean gas pressure PAO2 = arterial partial pressure of oxygen
F = fractional concentration in dry gas phase PCO2 = mean capillary oxygen pressure
f = respiratory frequency (breaths per unit time) FIO2 = fractional concentration of oxygen in inspired gas
D = diffusing capacity DO2 = diffusing capacity for (O2 [mL O2/min/mm/Hg])
R = respiratory exchange ratio R = V· CO2/V· O2

Secondary Symbols
(Small Capital Letters) Examples

I = inspired gas FICO2 = fractional concentration of carbon dioxide in 
inspired gas

E = expired gas VE = volume of expired gas
A = alveolar gas V·A = alveolar ventilation per minute
T = tidal gas VT = tidal volume
D = dead space gas VD = volume of dead-space gas
B = barometric PB = barometric pressure
ATPS = ambient temperature and pressure saturated with VD/VT = ratio of physiological dead space to tidal volume

water vapor
BTPS = body temperature and pressure saturated with 

water vapor
STPD = 0°C, 760 mm Hg, dry

For Blood
Primary Symbols

(Large Capital Letters) Examples
Q = volume of blood Qc = volume of blood in pulmonary capillaries
Q· = volume flow of blood per unit time Q· c = blood flow through pulmonary capillaries/min
C = concentration of gas in blood CaO2 = milliliters of oxygen in 100 mL of arterial blood
S = percent saturation of hemoglobin with oxygen or SV

–O2 = saturation of hemoglobin with oxygen in mixed 
carbon dioxide venous blood

V· /Q· = ventilation-perfusion ratio

Secondary Symbols
(Lowercase Letters) Examples

a = arterial blood PaCO2 = partial pressure of carbon dioxide in arterial blood
v = venous blood Pv–O2 = partial pressure of oxygen in mixed venous blood
c = capillary blood PcCO2 = partial pressure of carbon dioxide in pulmonary 

capillary blood
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For Lung Volumes
VC = vital capacity = maximal volume that can be expired after maximal inspiration
IC = inspiratory capacity = maximal volume that can be inspired from resting expiratory level
IRV = inspiratory reserve volume = maximal volume that can be inspired from end-tidal inspiration
ERV = expiratory reserve volume = maximal volume that can be expired from resting expiratory level
FRC = functional residual capacity = volume of gas in lungs at resting expiratory level
RV = residual volume = volume of gas in lungs at end of maximal expiration
TLC = total lung capacity = volume of gas in lungs at end of maximal inspiration

Systeme International*
The following information on SI units and factors for conversion between SI and older conventional units is provided for the con-

venience of readers.

Basic SI Units

Physical Quantity Name Symbol

Length meter m
Mass kilogram kg
Time second* s
Electric current ampere A
Thermodynamic temperature kelvin K
Luminous intensity candela cd
Amount of substance mole mol

*Minute (min), hour (h), and day (d) will remain in use although they are not offi-
cial SI units.

Prefixes for SI Units

Factor Name Symbol Factor Name Symbol

1018 exa- E 10�18 atto- a
1015 peta- P 10�15 femto- f
1012 tera- T 10�12 pico- p
109 giga- G 10�9 nano- n
106 mega- M 10�6 micro- µ
103 kilo- k 10�3 milli- m
102 hecto- h 10�2 centi- c
101 deca- da 10�1 deci- d
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Derived SI Units

Expression in Terms of SI Base Units 
Quantity SI Unit Symbol or Derived Units

Frequency Hertz Hz 1 Hz = 1 cycle/s (1 s�1)
Force Newton N 1 N = 1 kg · m/s2 (1 kg · mPS�2)
Work, energy, quantity of heat Joule J 1 J = 1 N · m
Power Watt W 1 W = 1 J/s (1 J · s�1)
Quantity of electricity Coulomb C 1 C = 1 A · s
Electric potential, potential difference, tension, Volt V 1 V = 1 W/A (1 W · A�1)

electromotive force
Electric capacitance Farad F 1 F = 1 A · s/V (1 A · s · V�1)
Electric resistance Ohm � 1 � = 1 V/A (1 V · A�1)
Flux of magnetic induction, magnetic flux Weber Wb 1 Wb = 1 V · s
Magnetic flux density, magnetic induction Tesla T 1 T = 1 Wb/m2 (1 Wb · m�2)
Inductance Henry H 1 H = 1 V · s/A (1 V · s · A�1)
Pressure Pascal Pa 1 Pa = 1 N/m2 (1 N · m2)

= 1 kg/m · s2 (1 kg · m�1 · s�2)

The liter (10�3 m�3 = dm3), though not official, will remain in use as a unit of volume as also will the dyne (dyn) as a unit of force (1 dyn = 10�5 N).

SI Unit Conversions

Conversion Factors

Old to SI SI to Old
SI Unit Old Unit (Exact) (Approx.)

kPa mm Hg* 0.133 7.5
kPa 1 standard atmosphere† (approx. 1 Bar) 101.3 0.01
kPa cm H20 0.0981 10
kPa lbs/square inch 6.89 0.145

*For example, a systolic blood pressure of 120 mm Hg = 16 kPa and a diastolic blood pressure of 80 mm Hg = 11 kPa.
†= 760 mm Hg.
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Blood Chemistry Units and Conversion Factors

Conversion Factors

Old to SI SI to Old
Measurement (Approx.) SI Unit Old Unit (Exact) (Approx.)

Blood acid-base
PCO2 kPa mm Hg 0.133 7.5
PO2 kPa mm Hg 0.133 7.5
Standard bicarbonate mmol/liter mEq/liter Numerically equivalent
Base excess mmol/liter mEq/liter Numerically equivalent
Glucose mmol/liter mg/100 mL 0.0555 18

Plasma
Sodium mmol/liter mEq/liter Numerically equivalent
Potassium mmol/liter mEq/liter Numerically equivalent
Magnesium mmol/liter mEq/liter 0.5 2
Chloride mmol/liter mEq/liter Numerically equivalent
Phosphate (inorganic) mmol/liter mEq/liter 0.323 3.0
Creatinine µmol/1iter mg/100 mL 88.4 0.01
Urea mmol/liter mg/100 mL 0.166 6.0

Serum
Calcium mmol/liter mg/100 mL 0.25 4.0
Iron µmol/liter µg/100 mol 0.179 5.6
Bilirubin µmol/liter mg/100 mL 17.1 0.06
Cholesterol mmol/liter mg/100 mL 0.0259 39

Total proteins g/liter g/100 mL 10.0 0.1
Albumin g/liter g/100 mL 10.0 0.1
Globulin g/liter g/100 mL 10.0 0.1

Biochemical Content of Other Body Fluids

Conversion Factors

Old to SI SI to Old
Measurement SI Unit Old Unit (Exact) (Approx.)

Urine
Calcium mmol/24 h mg/24 h 0.025 40
Creatinine mmol/24 h mg/24 h 0.00884 113
Potassium mmol/liter mEq/liter Numerically equivalent
Sodium mmol/liter mEq/liter Numerically equivalent

Cerebrospinal fluid
Protein g/liter mg/100 mL 0.01 100
Glucose mmol/liter mg/100 mL 0.0555 18
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Hematology

Conversion Factors

Measurement SI Unit Old Unit Old to SI SI to Old

Hemoglobin (Hb) g/dL g/100 mL Numerically equivalent
Packed cell volume No unit* Percent 0.01 100
Mean cell Hb concentration g/dL Percent Numerically equivalent
Mean cell Hb pg pg Numerically equivalent
Red cell count Cells/liter Cells/mm3 106 10�6

White cell count Cells/liter Cell/mm3 106 10�6

Reticulocytes Percent Percent Numerically equivalent
Platelets Cell/liter Cell/mm3 106 10�6

*Expressed as decimal fraction; for example, the normal adult male value is 0.40 to 0.54.

pH and Nanomoles Per Liter of Hydrogen-Ion Activity

pH nmol/Liter

6.80 158
6.90 126
7.00 100
7.10 079
7.20 063
7.25 056
7.30 050
7.35 045
7.40 040
7.45 036
7.50 032
7.55 028
7.60 025
7.70 020
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Page numbers followed by an f denote figures, those
followed by a t denote tables.

A-3080. See Thiafentanil (A-3080)
AAHA (American Animal Hospital Association) pain

management standards, 19, 19t
Abaxial (basilar) sesamoidean nerve block, 609, 609f,

637
Abdominal trauma, 976
Abdominocardiac reflex, 98t
Abducens nerve, 155, 156f, 156t
Abomasum, displaced, 930
Abortion, 12
Absorbent, for carbon dioxide, 478–479, 479f
Accipiters, ketamine use in, 328t
Acclimation of birds, 853
ACE inhibitors, drug interactions with, 446–447
Acepromazine

cardiovascular system and
arrhythmias, 112t
indications and doses, 542t
use in diseases of, 892

cesarean section patients, use in, 959
chemical structure, 208f
clinical uses, 209–210
hepatic disease patients, use in, 921, 924
intraocular pressure, effect on, 945t
ocular patients, use in, 950
orthopedic patients, use in, 1010–1011, 1014
overview, 208
pharmacokinetics and pharmacodynamics, 208–209,

209f
premedication use, 712t, 1010–1011
use in

bighorn sheep, 793
bongo, 792t
buffalo, 792t
caribou, 794
cats, 208–210, 709t, 712t, 714, 927
dogs, 208–210, 709t, 712t, 714, 927
eland, 792t
elephants, 797–798
ferrets, 788
giraffes, 795
goats, 732
hartebeest, 792t
horses, 208–210, 720–721, 720t, 727
lions, 789
marsupials, 801t
oryx, 792t
prairie dogs, 786
rabbits, 775t
rhinoceros, 795, 796t
rodents and rabbits, 767t
sea otters, 839
sheep, 732
swine, 757t
tapirs, 824
waterbuck, 792t
wild asses, 795
wildebeest, 792t
zebras, 827

Acetaminophen
antipyretic effect, 255
for cancer pain, 1004–1005
for dental patients, 995t
dosage ranges, 259t

overview, 262
use in

cats, 995t, 1002t, 1015t
dogs, 994, 995t, 1001t, 1005, 1015t

Acetazolamide, use in congestive heart failure therapy,
893t

Acetylcholine
at neuromuscular junction, 166, 420–422, 421t
in parasympathetic nervous system, 103–104
receptors, 100t, 428

Acetylcholinesterase, 104, 421, 432
Acetylcholinesterase drugs, 432–433
Acid-base interactions

base excess, 176, 181
buffering systems

chemical buffers, 171–172, 171t, 172t
description, 171, 171f
kidney, 172–173, 173f
respiratory system, 171–172, 171t, 172, 172t
temperature effects, 173–174, 173t

disorders/disturbances
alveolar-arterial oxygen differences, increases in,

178
anion gap, 176–177
[Atot], 179
compensatory changes, 174t, 175–176, 176t
free water abnormalities, 179, 179t
isonatremic chloride abnormalities, 179–180, 180t
isonatremic organic acid abnormalities, 180
with mechanical ventilation, 902
mixed, 174–176, 175t
muscular blockade and, 428
[Na+]-[Cl–] difference, 177, 177t
nonrespiratory acidosis, 174t, 176, 176t, 177t, 554
nonrespiratory alkalosis, 174t, 176t, 177t
of PCO2, 178
respiratory acidosis, 125, 174t, 175, 176t
respiratory alkalosis, 125, 174t, 175, 176t
strong ion difference, 178, 179, 179t

drug interactions, 439
evaluations of balance, 181
Henderson-Hasselbalch equation, 170–171
monitoring in anesthetized patient, 554
overview, 169–171, 170f
species values for, 123t
strong anion concentration, estimation of, 180–181,

181t
Acidemia, 125, 174, 902
Acidosis

defined, 174
high AG (anion gap), 177
hypercapnic, 279t
hyperchloremic, 176, 177
lactic, 554
metabolic, 554
myocardial intracellular, 891
nonrespiratory, 174t, 176, 176t, 177t, 554
normal AG (anion gap), 176
normochloremic, 177
paradoxical cerebrospinal fluid, 974
in renal insufficiency, 916
respiratory, 125, 174t, 175, 176t

Acids, defined, 169
Aciduria, paradoxical, 173
Acouchi, Telazol use in, 337t
Actin, cardiac muscle, 74, 75f, 76–77
Action potential, 69t, 70, 71t, 110f, 166

Activated charcoal, in scavenging systems, 487f, 488
Activated clotting time (ACT), 554
Acupuncture

analgesic use, 5
application, perioperative, 690–693

cardiopulmonary resuscitation, 693
intestinal function impairment, 693
intraoperative assisted anesthesia, 690–691
postoperative pain control, 691–693
preoperative preparation, 690

aquapuncture, 688
brain, influence on, 687
for cancer pain, 1006
electroacupuncture, 688–689
history of, 683–684
mechanisms of analgesic action, 686–688, 686f, 687f
meridians, 684–685
needles, 689, 689f
nociceptors and, 687
overview, 296, 683
patient selection, 693
placebo, 688
points, 685–686

location, 685, 687f, 692f
selection, 693
stimulation, 685–686

sham, 684
types, 688–689
veterinary, 689–690

Acute death syndrome, 822
Addiction, barbiturate, 280
ADE (arrhythmogenic dose of epinephrine), 214
Adenosine

mechanism of action, 100t
receptors, 100t

ADH secretion, anesthetic effects on, 916
Adipose tissue perfusion, 8t
Adrenal medulla, 164
Adrenergic agents. See also �2–agonists

ophthalmic medications, 947
Adrenergic receptor

biological response, 102t
drug reactions at, 11t

Adrenocorticotropic hormone (ACTH), 934
Adrenoreceptors, 100–103, 100t, 102t
ADS 1000 Veterinary Anesthesia Delivery System 

and Critical Care Ventilator, 516t, 524–525, 524f
AERs (auditory evoked responses), 909
Afterload, 79–81
AG (anion gap), 176–177
Agology, defined, 32
Agoutis, 786
Air-intake valve, anesthesia machine, 475, 476f
Air sacs, 843, 849
Airway disease

accidents in airway management, 939
brachycephalic airway syndrome, 938
laryngeal abnormalities, 938–939
trauma, 937–938

Airway management. See Endotracheal intubation
Airway obstruction

from nitrous oxide, 939
pulmonary edema following, 938–939, 939t
from venipuncture, 939

Airway resistance, 120–121
Albumin

calcium binding, 197
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Albumin (continued)
fluid therapy and, 194, 196
in geriatric animals, 988
hypoalbuminemia

in liver disease, 924
in neonates, 985
in portocaval shunt, 925, 925t

normal values, 187t, 553
for plasma expansion, 971, 972t

Albumin-globulin ratio, 187t
Alcohol dehydrogenase, 196
Alcuronium, development of, 420
Aldosterone deficiency, 934
Alfentanil

analgesic use, 248
dosage ranges, 245t
use in

horses, 632–633
swine, 665, 666

Alkalemia, 125, 174, 902
Alkalinizing agents, 189–190

sodium bicarbonate, 189
tromethamine (THAM), 189–190

Alkalosis
defined, 174
hypocapnic, 279t
nonrespiratory, 174t, 176t, 177t
respiratory, 125, 174t, 175, 176t
from sodium bicarbonate administration, 189

Allergic reactions, 412, 1036
Alligators

physical restraint for, 872
Telazol use in, 342t

Allodynia, 19, 32, 36, 38, 228
Allylbarbituric acid, 275t
Alpacas, drug usage in

butorphanol, 733
xylazine, 733

�2-agonists. See also specific drugs
analgesic action, 48, 263, 263t
chemical structures, 212f
detomidine, 212f, 222–224, 223f
effects

arrhythmias, 112t, 892
hemodynamic, 83t
intraocular pressure, 945t
renal system, 916
respiratory system, 134–135, 899–900

epidural use, 585, 587, 623–626
hepatic disease, use in patients with, 921
indications for use, 211
medetomidine, 212f, 217–222, 217f, 219f–221f, 222t
ocular patients, use in, 949
orthopedic patients, use in, 1011
overview, 210–212
receptors, 210–211, 211t
romifidine, 224–225
use in

dogs, 585, 587
horses, 623–626, 721–722
swine, 752–753
wildlife immobilization/capture, 815–816

xylazine, 212–217, 212f, 213f, 214f, 216t
�2-antagonists. See also specific drugs

atipamezole, 226–227, 226f
chemical structures, 226f
overview, 225
tolazoline, 225, 226f
use in wildlife, 816–817
yohimbine, 225–226, 226f

�-chloralose. See Chloralose
Alphadolone. See also Althesin

cesarean section patients, use in, 960
swine, use in, 760

�2-receptors, 210–211, 211t
Alpha2–stat regulation, 173, 173t
Alphaxalone, 287–288, 288f. See also Althesin

cardiovascular disease, use in, 892
use in

cats, 710t, 711
cesarean section patients, 960
dogs, 710t, 711
primates, nonhuman, 768, 768t, 777t
swine, 760

Alphaxan-CD
cesarean section patients, use in, 960

Althesin
anesthetic activity, 287, 288f
combined use with xylazine, 288
duration of activity, 287, 288f
use in

cats, 287, 288f
dogs, 288
ferrets, 788
horses, 288
koala, 801
marsupials, 801, 801t
sheep, 288
swine, 288

Alveolar minute ventilation, 548
Alveolar-to-arterial gradient [P(A-a)O2], 137–140, 137f,

143–146, 178
Alveolar ventilation, 366–367, 367f
Alveoli

alveolar to venous anesthetic partial pressure
difference, 368

anesthetic delivery to, 365–367, 366f–367f
anesthetic removal from, 367–368, 368f

Amantadine
analgesic use, 263–264, 263t
use in

cats, 1002t, 1015t
dogs, 1001t, 1005, 1015t

Ambu valve, 485
American Animal Hospital Association (AAHA) pain

management standards, 19, 19t, 31
American College of Veterinary Anesthesiologists

(ACVA)
history of, 4, 5
monitoring guidelines, 25, 27t

American Heart Association’s Standards for
Cardiopulmonary Resuscitation and Advanced
Cardiac Life Support, 974

American Society of Anesthesiologists (ASA), 17t, 18,
534

American Society of Veterinary Anesthesia (ASVA), 4
American Veterinary Medical Association Liability

Insurance Trust, 25
Amethocaine, 407
Aminoglycosides

nephrotoxicity, 916, 916t
neuromuscular blockade and, 428–429

Aminophylline, use in congestive heart failure therapy,
893t

Amiodarone
antiarrhythmic use, 542t
CPR-associated use, 1038

Amitriptyline, use in
cats, 1002t, 1006
dogs, 1001t, 1006

Amnesia, 535
Amobarbital, 275t
Amphibians

anesthesia
inhalational, 876–877
local, 872
monitoring and supportive care

anesthetic depth, 877
cardiovascular, 877–878
respiratory, 878
resuscitation, 878
thermoregulation, 877

parenteral
administration routes, 873, 873f, 874t, 875f,

875t, 876f
dissociative anesthetics, 873–874
propofol, 874, 876

patient preparation, 872
premedication, 872
protocols, 878, 879t, 880–881
recovery, 878

biology, anatomy, and physiology, 869–870
intraosseous catheterization, 875t
physical restraint, 870, 871f
vascular access, 874t

Amphotericin B, nephrotoxicity of, 916t
Amrinone, use in congestive heart failure therapy,

894t

Amygdaloid, 153
Analgesia. See also specific analgesic agents; specific

applications
acupuncture, 686–688, 686f, 687f
in cats

epidural opioid, 600–602
perioperative, 713, 713t

defined, 5, 32, 46, 534
for dental procedures, 993–994, 994t
in dogs

epidural drug combinations, 586–587
epidural nonopioid, 585–586
epidural opioid, 582–585
interpleural regional, 569–571, 570f, 571f
intra-articular, 572
perioperative, 713, 713t

in horses, 722–723
NSAIDs, 722–723, 723t

from inhalation anesthetics, 375
interpleural regional in dogs, 569–571, 570f, 571f
management in orthopedic patients

analgesic drugs in dogs and cats, 1015t
intraoperative analgesia, 1012
long-term, 1016
postoperative, 1014, 1016

monitoring perioperative, 537–539
EEG, 538
physical signs of pain, 538
subjective, 539

for ocular patients, 950
preventive/preemptive, 40–41, 46, 538
rehabilitation and palliative

overview, 697
therapeutic modalities

aquatic based rehabilitation, 699, 699f
electrical stimulation, 700, 700f
local hyperthermia, 698
local hypothermia, 697–698
passive range of motion (PROM), 698
therapeutic exercise, 699, 699f
therapeutic massage, 698–699
therapeutic ultrasound, 699–700, 700f

in swine, 753
Analgesics. See also specific drugs

analgesic adjuvants
�2–agonists, 263, 263t
amantadine, 263–264, 263t
gabapentin, 263, 263t
ketamine, 263, 263t
overview, 262–263, 263t
tramadol, 263t, 264

classification of drugs, 47t
defined, 32
doses

in cats, 51t
in dogs, 49t-50t
in hamsters, 767t
in horses, 52t
in ruminants, 53t
in swine, 53t

nonsteroidal anti-inflammatory drugs (NSAIDs)
agents, 259–262, 259t, 260t
antipyretic activity, 255–256
contraindications, 258
cyclooxygenases, effect on, 252–256
endogenous anti-inflammatory system, effect on,

256
mechanism of analgesia, 254–255
overview, 252
pain management, indications for, 257–258
patient selection, 256–257
pharmacological considerations, 256
research areas, 256
therapeutic considerations, 256–257

opioids
agonist-antagonists, 249–251, 249f, 250t
agonists, 244, 245f, 245t, 246–249
antagonists, 251–252, 252f, 252t
distribution and therapeutic implications, 242–243
endogenous receptor ligands, 242
mechanisms of action, 242
overview, 241
partial agonists, 249, 250f, 250t, 251
receptors, 241–242
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side effects, 243–244
signaling, 242

overview, 46–49
preventive/preemptive use, 46
used in dogs and cats, 1015t

Anal reflex, anesthetic effects on, 16
Anaphylactic reactions, 1036
Anemia

anesthesia in anemic patients, 896
of chronic renal disease, 917
preoperative correction of, 21

Aneroid manometer, 544–545, 544f
Anesthesia

balanced, 419
defined, 5, 32
for dental patients, 993–994, 993t
epidural (see Epidural anesthesia)
general (see General anesthesia)
goals of, 535
history of animal, 3–4
infiltration (see Infiltration anesthesia)
levels of, 534–535
local (see Local anesthesia)
reasons for administering, 5
regional (see Regional anesthesia)
signs of, 15–16
subarachnoid (see Subarachnoid anesthesia)
topical

in cats, 595
in dogs, 561–563

triad of, 419
types of, 5 (see also specific types)

Anesthesia machines
breathing systems, 475, 475f, 476–486, 476f,

477f–479f, 480t, 481f–486f, 482t
Checkout Recommendations, 488–492, 489f–492f
common gas outlet, 475, 475f, 476f
components

flowmeters, 458–459, 458f, 459–462, 459f, 460f,
461f

flush valves, 462, 462f
gas supply, 454–458, 454f–457f, 457t
pressure gauges, 458, 458f
quick connectors, 455f, 4554
regulators, 458–459, 458f, 459f
safety devices, 462
vaporizers, 462

leak tests, 489–491, 489f–492f
malfunctions, 1041–1042
overview, 453–454
scavenging waste gases

overview, 486
recommendations for controlling, 486–487
systems, 487–488, 487f–488f

vaporizers
barometric pressure effect on function, 463–464
classification of, 465–468, 466f–467f, 466t
compensatory mechanisms for, 463
in-circuit (VICs), 468–469, 468f–469f
maintenance, 474
out-of-circuit (VOCs), 469–474, 470f–474f, 470t
overview, 462
physics of design and function, 462–463
problems with, 464–465, 464f–465f
wrong anesthetic, use of, 474–475

Anesthesia ventilators. See Ventilators
Anesthetic depth, monitoring, 534–537
Anesthetic plan, considerations for selecting, 708t
Anesthetic record, for dogs and cats, 713
Anesthetic risk

high-risk patients, 1034
overview, 1033
risk management, 1033
species-related, 1033–1034

Anesthetics. See also specific drugs
defined, 32
drug interactions, 448–449
ideal, 22
neuromuscular blockade, effect on, 428
renal interactions with NSAIDs, 446–447
respiratory system effects, 899–900
selection, 22–23

Angiotensin I, 104
Angiotensin II, 104

Anion gap (AG), 176–177, 187t
ANP (atrial natriuretic peptide), 95
Antacid drugs, drug interactions with, 443
Antagonism, defined, 448
Antelope, drug usage in

azaperone, 791, 797t
carfentanil, 791, 797t
cyprenorphine, 797t
etorphine, 791
fentanyl, 791, 792t
nalorphine, 792t
naloxone, 797t
Telazol, 330t
xylazine, 791, 792t, 797t

Anterior (dorsal) digital nerve block, 609, 609f
Antiacetylcholinesterase agents, 432–433
Antibiotics

neuromuscular blockage from, 11, 11t
preoperative use, 21
prophylactic use, 21

Anticholinergics. See also specific drugs
atropine (see Atropine)
cardiac arrhythmias, 112t
cesarean section patients, use in, 958–959
glycopyrrolate (see Glycopyrrolate)
hemodynamic effects, 83t
indications for use, 203
ketamine use with, 204
medetomidine use with, 222, 222t
ocular patients, use in, 948–949
overview, 203–204

Anticonvulsants, for cancer pain, 1006
Antidiuretic hormone. See Vasopressin (antidiuretic

hormone)
Antiendotoxin antibodies, 1020
Antimicrobial activity, of local anesthetics, 397–398
Antimicrobial agents. See also Antibiotics

for horses with colic, 1020
neuromuscular blockade and, 428–429

Antimuscarinics, 203–204
Antithrombin, 554
Antitussives, opioid, 243–244
Anxiety, and pain response, 40
Aortic arch mechanoreceptors, 99f
Aortic body, 97
Aoudad, Telazol use in, 330t
Apnea

defined, 118
management of, 1041
in marine mammals, 833
in reptiles, 878
in walruses, 836

Apneic threshold, 131–132, 132f, 900
Apneustic respirations, defined, 118
Aprobarbital, 275t
Aquapuncture, 688
Aquatic based rehabilitation, 699, 699f
Aquatic mammals

cetaceans, 833–835, 834f, 835t
manatees, 838
overview, 833
pinnipeds, 835–838

fur seals, 836
sea lions, 836–837
true seals, 837–838
walruses, 836

polar bears, 838–839
sea otters, 893

Aqueous humor, outflow of, 945
Arachidonic acid, 106, 252–253, 253f, 1020
Arginine vasopressin. See Vasopressin (antidiuretic

hormone)
Armadillos, 785–786
Arrhythmias

antiarrhythmic drugs, indications and dosages, 542t
causes

�2–agonists, 892
catecholamine-induced, 897
drug-induced, 112t
inhalant anesthetics, 897
thiopental, 284
xylazine, 214

description, 110–111
gastric dilation-volvulus and, 927–928

management of, 1035t, 1036
mechanisms, classification of, 111t
monitoring in anesthetized patient, 539–540, 541t,

542t
in ruminants, 742
treatment, 897
ventricular ectopic pacemaker activity, 541t

Arrhythmogenic dose of epinephrine (ADE), 214
Arterial blood gases

in ratites, 863, 863t
in ruminants, 741
species values for, 123t
temperature effect on values, 549

Arterial blood pressure. See Blood pressure
Arterial partial pressure of carbon dioxide (PaCO2)

altered alveolar ventilation, effect of, 124–125,
125f

apneic threshold, 131–132, 132f
in birds, 847
cerebral blood flow and, 904, 904t
cesarean section and, 962
chemoreceptors for, 129–130, 131f
in head trauma, 975
inhalation anesthetic effect on, 376–377, 378
mechanical ventilation and, 512–514
monitoring in anesthetized patients, 548
species values for, 123t

Arterial partial pressure of oxygen (PaO2)
cerebral blood flow and, 904, 904t
cesarean section and, 962
chemoreceptors for, 130, 131f
hypoxia, 126
monitoring in anesthetized patients, 548–549
positional change, effect of, 138
V/Q mismatch, 123, 137–138

Arteries
anatomy, 89
larger, 89–90
resistance vessels, 90–91

Arterioles, factors affecting the caliber of, 107t
Arteriovenous anastomoses (AVAs), 91
Arteriovenous malformations, 111
Arthur block, 653
Articaine

chemical structure, 399t
development of, 395
duration of action, 400, 401t
plasma protein binding, 401t, 408
properties of, 401t
speed of onset, 398, 401t

ASA (American Society of Anesthesiologists), 17t, 18,
534

Aschner’s reflex, 98t
Ascites, 21, 924
Aspartate

mechanism of action, 100t
receptors, 100t

Aspiration pneumonia, postoperative in ruminants, 742
Aspirin

antipyretic effect, 255
for dental patients, 995t
dosage ranges, 259t
overview, 262
use in

cats, 995t, 1002t, 1015t
dogs, 995t, 1001t, 1015t

Aspirin-triggered lipoxin (ATL), 256
Asses, wild, 795
Assist-control-mode ventilation, 516
Assisted ventilation, defined, 517
Association of Veterinary Anaesthetists of Great Britain

and Ireland (AVA), 4
ASVA (American Society of Veterinary Anesthesia), 4
Ataxic-myoglobinuric syndrome, 822
Atenolol, antiarrhythmic use of, 542t
Atipamezole

chemical structure, 226f
clinical uses, 227
overview, 226
pharmacokinetics and pharmacodynamics, 226–227
use in

bears, 800, 825
birds, 855
bison, 793
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Atipamezole (continued)
cats, 711t
cattle, 655, 733
cheetahs, 826
deer, 793, 794t, 823, 824
dogs, 711t, 828
giraffes, 827
horses, 623, 629
hyenas, 828
moose, 824
mountain lion, 825
nutria, 786
polar bears, 838
primates, 799
rhinoceros, 828
sea lions, 837
sheep, 668
swine, 665, 752, 755
wildlife, 816

ATL (aspirin-triggered lipoxin), 256
[Atot], disorders in, 179
Atracurium

cesarean section patients, use in, 961, 963t
development of, 420
hemodynamic effects, 83t
hepatic disease, use in patients with, 924
histamine release and, 424
Hofmann elimination, 424
intraocular pressure, effect on, 945t, 951
mechanism of action, 423
metabolism and excretion, 427
myasthenia gravis, use in, 428
onset and duration of action, 424
perfusion and pressure effects of, 905t
use in

birds, 858
cats, 423t
dogs, 423t, 428, 927
horses, 423t, 927
ratites, 864

Atrial kick, 77
Atrial natriuretic peptide (ANP), 95
Atrial stretch-receptor reflex, description, 98t
Atrioventricular nodes, 72, 72f
Atropine

cardiac arrhythmias, 112t
cesarean section patients, use in, 958
chemical structure, 204, 205f
clinical uses, 205–206
CPR use of, 1038
geriatric animals, use in, 990t
glycopyrrolate compared, 204t
intraocular pressure, effect on, 948
medetomidine, use with, 222, 222t
metabolic rate, effect on, 10
oculocardiac reflex prevention, use for, 947
overview, 204
pharmacokinetics and pharmacodynamics, 204–205,

205f
premedication use in orthopedic patients, 1010
respiratory system effects, 899
use in

armadillos, 786
buffalo, 793
camelids, 732
cats, 206
dogs, 205–206
elephants, 798
ferrets, 788
horses, 930
nutria, 786
rodents and rabbits, 767t
sea lions, 837
seals, 836
swine, 751, 754, 757t
walruses, 836

Atropine esterase, 205
Auditory evoked responses (AERs), 909
Auriculopalpebral nerve block

in horses, 606, 606f, 607, 607f, 951
in ruminants, 646, 647f, 648f, 649

Autoacids, 256
Autonomic afferent fibers, 153
Autonomic efferent fibers, 153

Autonomic nervous system
nonadrenergic noncholinergic nervous system, 164
overview, 160–162
parasympathetic system, 162, 163f
sympathetic system, 163–164, 163f

Autoreceptors, 203, 210
AVAs (arteriovenous anastomoses), 91
AV blockade

from medetomidine, 218, 222
from xylazine, 214

Avogadro’s principle, 359
Awareness, intraoperative, 535
Axial digital nerve block, in ruminants, 673, 673f
Axonal conduction, 164
Ayre’s T-piece, 482f, 483–484, 484f
Azaperone

chemical structure, 208f
clinical uses, 210
overview, 210
pharmacokinetics and pharmacodynamics, 210
use in

antelope, 791, 797t
blesbok, 797t
buffalo, 797t, 827
caribou, 794
eland, 797t
elephants, 797t, 798
gemsbok, 797t
giraffes, 797t, 827
hartebeest, 797t
impala, 797t
kudu, 797t
marsupials, 801t
ratites, 862t
rhinoceros, 795, 796t, 828
springbok, 797t
swine, 752–754, 756, 759
tsessebe, 797t
warthog, 797t
waterbuck, 797t
wildebeest, 797t
zebras, 797t, 827

Azotemia, 916, 918

Babirusa, xylazine use in, 755
Badgers, drug usage in

butorphanol, 789
ketamine, 321t, 789
medetomidine, 789
midazolam, 789
Telazol, 337t, 789

BAERs (brain-stem auditory evoked responses),
909–910

Bain breathing system, 491f–492f
Bainbridge reflex, 97, 98t
Bain coaxial system, 482–483, 482f, 483f
Baird’s tapir. See Tapir
Balanced anesthesia, 5, 419
Bald eagle, drug usage in

ketamine, 328t
Telazol, 343t

Barbary sheep, drug usage in
ketamine, 787t
medetomidine, 787t

Barbital
distribution and fate, 279t
duration of action, 275t

Barbiturate coma therapy, 905
Barbiturates. See also specific drugs

acidosis, effect of, 10
addiction, 280
administration, 285–287

apnea, transient, 287
intramuscular, 286
intraperitoneal, 286
intrathoracic, 286–287
intravenous, 285–286

age variation in response to, 7
chemical structure, 274–275, 274f
classification, 275, 275f, 275t, 276t-277t
discovery of, 3
dissociation, 278, 278f
distribution, 278–279, 279t
effects on neonates, 959

euthanasia, 287
glucose effect, 280, 280t
hemodynamic effects, 83t
intraocular pressure, effect on, 945t
irradiation effects, 12
neonates and geriatric patients, use in, 989
oxybarbiturates

methohexital, 283–284, 283t
pentobarbital, 280–283, 281f, 282f, 282t
phenobarbital, 280

pharmacology, 276–278, 278t
recovery time, 28
respiratory system effects, 15, 132–133, 900
slough, from perivascular administration, 287
therapeutic uses, 280
thiobarbiturates

thiamylal, 285
thiopental, 284–285, 284f, 285t

use in
birds, 855
deer, 794
dogs, 7, 10
ruminants, 734
swine, 753–754

Baricity, of local anesthetic, 405
Barium hydroxide lime, 479
Barometric pressure, effects on vaporizer function,

463–464
Baroreceptors, 96–97, 895
Basal ganglia, 153
Basal metabolic rate, effect on general anesthesia, 7
Base excess (BE), 176, 181
Bases, defined, 169
Bats, 785
BBB. See Blood-brain barrier (BBB)
Bears. See also Polar bears

anesthetic depth, monitoring, 819
chemical immobilization, 825
drug usage

atipamezole, 800, 825
carfentanil, 800
chloralose, 800
diazepam, 800
isoflurane, 800
ketamine, 323t-324t, 787t, 800
medetomidine, 787t, 800, 825
pentobarbital, 800
sevoflurane, 800
Telazol, 335t-336t, 800, 825
xylazine, 800, 825
yohimbine, 825

weight, 825
wildlife capture and, 823f

Beavers, ketamine use in, 321t
Beck’s triad, 976
Bell-Magendie law, 156
Benazepril, use in congestive heart failure therapy, 893t
Benzocaine

chemical structure, 400t
metabolism of, 408
toxicity

after ingestion, 410
methemoglobinemia, 411

use in
dogs, 562
fish, 883, 885t

Benzodiazepine antagonists
flumazenil, 228f, 230–231
overview, 230

Benzodiazepines. See also specific drugs
cardiac arrhythmias, 112t
chemical structures, 228f
diazepam, 228–229, 228f
hemodynamic effects, 83t
hepatic disease, use in patients with, 922
intraocular pressure, effect on, 945t
midazolam, 228f, 229–230
in ocular patients, 949
overview, 227–228, 227f
respiratory system effects, 134
use in

primates, 799
swine, 751
trauma and critical patients, 978–979
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Benzotropine mesylate, use in horses, 720
ß-endorphin, 242
Bernoulli equation, 68
Bezold-Jarisch reflex, 97, 98t
Bicarbonate

in acid-base disturbances, 174t, 175, 176t
added to local anesthetic, 404–405
buffer system, 171–172, 171f
carbon dioxide transport and, 127, 128f
CPR-associated use, 1038
dose calculation, 189
drug interactions, 442t
in Henderson-Hasselbalch equation, 171
indications for use, 189
renal tubule reabsorption of, 173f
SIRS (systemic inflammatory-response syndrome),

972t
species values for, 123t
use during resuscitation, 974

Bicipital bursa block, 613, 614f
Bier block, 573, 1012
Bighorn sheep, drug usage in

acepromazine, 793
cyprenorphine, 793
diprenorphine, 793
etorphine, 793
idazoxam, 793
xylazine, 793

Bile, drug excretion in, 12
Bile acids, liver disease and, 921
Bilirubin, liver disease and, 921
Binturong, Telazol use in, 336t
Biotransformation

of dissociative anesthetics, 302
of inhalation anesthetics, 370, 370t
of local anesthetics, 408
overview, 8–9, 11, 12

Biot’s respirations, 118
Bird Mark 7, 523, 524f, 528
Birds

anesthesia
adjunctive agents, 858
form and function implications, 849–851
inhalation

agents, 857–858, 857t
breathing circuits, 856
induction techniques, 856
intubation, 856–857
minimum anesthetic concentration, 857, 857t

injectable
agents, 854–856
injection sites, 854
local anesthetics, 855–856
opioids, 856
pharmacology, 854

monitoring, 858–859
patient preparation, 853–854
recovery, 859

cardiovascular system, 847, 849
drug usage

d-tubocurarine, 951
flumazenil, 231
ketamine and ketamine combinations, 328t-329t
midazolam, 229–230
Telazol and Telazol combinations, 343t-345t
vecuronium, 952

electrocardiogram (ECG), 849, 852t, 859
endotracheal intubation, 506
hypoglycemia, 20
physical restraint, 854
preanesthetic fast effect of, 10
ratites (See Ratites)
recovery, 28
renal portal system, 849, 851, 853f
respiratory system

air sacs, 843, 849
bronchi, 843
larynx and trachea, 841–842, 842f
muscles of respiration, 843, 844t
secondary bronchi, 843, 845f
syrinx, 843
tertiary bronchi (parabronchi), 843–847,

845f–850f
ventilation

anesthesia effects on, 850–851
body position effects on, 851
control, 847
gas-exchange variables, 851t
mechanical positive-pressure, 849–850
unidirectional, 851

vent reflex, 16
Bison

chemical immobilization, 824
drug usage

atipamezole, 793
carfentanil, 824
chloral hydrate, 793
etorphine, 799t
ketamine, 824
medetomidine, 824
Telazol, 330t, 793, 824
tolazoline, 793
xylazine, 824

hypoxemia in, 824
weight, 824

Bispectral index (BIS), for anesthetic depth monitoring,
167, 535, 537, 751, 909

Bisphosphonates, for cancer pain, 1006
Black bears, 825. See also Bears
Blackbuck, drug usage in

ketamine, 787t
medetomidine, 787t

Black leopard, 790t. See also Leopards
Blesbok, drug usage in

azaperone, 797t
carfentanil, 797t
cyprenorphine, 797t
naloxone, 797t
Telazol, 330t
xylazine, 797t

Blindness, anesthesia-related cortical, 1042
Bloat, in wildlife immobilization and capture, 821
Blood

components, 112
distribution throughout the circulatory system, 63,

64f
intraoperative loss, 196
viscosity, 64f, 65, 66, 67, 67f
volume, 112–113, 185, 186t
whole

administration rate, 191–192
adverse reactions to transfusion, 192
blood groups, 191, 191t
RBC survival times, 191t
rewarming, 191
storage, 190–191
volume administered, 191

Blood-brain barrier (BBB)
general anesthesia crossing, 8
neonatal, 985
permeation of, hypocarbia effects, 10
P glycoprotein (P-gp), 443–444
radiation-induced modification, 12

Blood flow. See also Circulation
to body compartments, 8, 8t
cardiac output distribution to peripheral tissues, 92t
impedance, 66–67, 67f
laminar, 65–66, 68f
local control systems, 105–107, 106f, 107f, 107t
precapillary sphincters, 106
pressure, resistance, and flow, 65–66
pulsatile, 66, 67–68
turbulent, 67–68, 68f
velocity-blood pressure relationship, 88f
viscosity, 66, 67f
Windkessel effect, 62–63

Blood gases. See Arterial blood gases
Blood pressure. See also Hypertension; Hypotension

baroreceptors, 96–97
blood flow velocity, relationship to, 88f
determinants of, 89–90, 92f, 96t
drug effects

acepromazine, 208–209, 209f
azaperone, 210
inhalation anesthetics, 377, 378f
ketamine, 302–303

electronarcosis effect on, 294, 295f
measurement methods, 543–545, 544f–546f, 545t

monitoring
in anesthetized patient, 546
in birds, 859
in horses, 719, 725–726
in orthopedic patients, 1012–1013
in ratites, 863
in ruminants, 739–741

urinary output, effect on, 96f
Blood-replacement products, for orthopedic patients,

1013
Blood urea nitrogen (BUN), 918
Blood vessels

anatomy, 89f
role of, 86, 88, 89f
types of vessels, 88–94

Blowgun, 811–812, 811f
Blowhole, 833, 835
Boa constrictor, Telazol use in, 342t
Bobcats, ketamine use in, 319t
Body composition

geriatric animals, 987–988, 987t
neonatal animals, 986t

Body temperature, monitoring in birds, 859
Bohr effect, 128, 172
Boiling point, 362
Bone marrow aspiration, 1028
Bongo, 792t
Bottlenose dolphins. See Dolphins
Botulism, 428
Brachial plexus block

in cats, 597–598, 599f
in dogs, 572–573, 572f, 573f
infiltration of local anesthetics, 402, 403f
in ruminants, 672

Brachycephalic airway syndrome, 938
Brachycephalic dogs, anesthetic selection for, 22
Bradycardia
Bezold-Jarisch reflex and, 97

causes
acepromazine, 209

�2–agonists, 203, 210, 211, 212
causes, 541t
local anesthetics, 410
medetomidine, 218, 222
opioids, 244
xylazine, 214

management of, 1035t
monitoring perioperative, 540
oculocardiac reflex and, 947
reflex, 111–112
treatment/prevention with anticholinergics, 203, 204,

206
Bradypnea, defined, 118
Brain

anatomy, 153–154, 154f, 156f, 159f
physiology, 154–155

Brain stem, 154
Brain-stem auditory evoked responses (BAERs),

909–910
Branham’s sign, 98t, 111
Breathing systems

anesthesia machine components, 453–462,
454f–462f

carbon dioxide, chemical absorption of
absorber assembly

in circle system, 478–479, 478f–479f
in to-and-fro system, 481, 481f

evaluation of absorbent, 479, 479f
function of, 479

circle systems
components

absorber, 478–479, 478f–479f
air-intake valve, 478
breathing tubes, 476–477
fresh gas inlet, 477
manometer, 477f, 478
one-way (unidirectional) valves, 477, 477f
pop-off valve, 477, 477f
reservoir bag, 477–478
vaporizers, 478 (See also Vaporizers)
Y piece, 476

description, 476
fresh gas flows

close circle system, 480, 480t
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Breathing systems (continued)
low-flow circle system, 480
resistance to gas flow, 481
semiclosed circle system, 480–481

pediatric circle, 476
closed containers, 485, 485f
Mapleson systems

characteristics, 482t
description, 481–482
diagrams of, 482f
flush valve use, 484
resistance to ventilation in, 484
types

Ayre’s T-piece, 482f, 483–484, 484f
Bain coaxial system, 482–483, 482f, 483f,

491f–492f
Magill system, 482, 482f, 483f
Norman mask elbow system, 483–484, 484f

masks, 485–486, 486f
non-rebreathing valves

resuscitation bags, 485
Stephens-Slater system, 484–485, 485f

overview, 476
to-and-fro system, 481, 481f

Breathing tubes, in circle breathing system, 476–477
Bronchoscopy, 1027
Bronsted-Lowry acid-base, 169–170
Brotizolam, use in swine, 752
Brown bears, 825. See also Bears
Budgerigars, ketamine use in, 328t
Buffalo

chemical immobilization, 827
drug usage

acepromazine, 792t
atropine, 793
azaperone, 797t, 827
carfentanil, 797t
chloral hydrate, 793
chlorpromazine, 793
cyprenorphine, 797t
detomidine, 793
diazepam, 793
diprenorphine, 792t, 827
etorphine, 792t, 827
guaifenesin, 793
ketamine, 317t, 793
lidocaine, 671f
magnesium sulfate, 793
naloxone, 797t
procaine, 671f
thiopental, 793
triflupromazine, 793
xylazine, 792t, 793, 797t, 827
yohimbine, 827

weight, 827
BUN (blood urea nitrogen), 918
Bupivacaine

chemical structure, 399t
combined use with

chloroprocaine, 400
epinephrine, 404, 570–571, 578
lidocaine, 400
sodium bicarbonate, 405

density of, 405
dental block, use for, 994t
development of, 395
drug interactions, 440t
duration of action, 400, 401t
epidural use, 576, 577t, 578
interpleural, 570–571
metabolism of, 408, 924
milk, levels in, 965
pharmacodynamics, 578
pharmacokinetics, 578
plasma protein binding, 401t, 408
properties of, 401t
speed of onset, 398, 401t
splash block, 951
sustained release vehicles, 401
toxicity

cardiovascular, 409–410
CNS, 409
myotoxicity, 411
neurotoxicity, 410, 411

toxic dose, 994
use in

cats, 595–596, 980, 994, 994t, 1015t
cattle, 675
dogs, 564, 566, 568, 570–571, 573, 576, 577t,

578, 980, 994, 994t, 1015t
goats, 650
horses, 622–623
ruminants, 644t

Buprenorphine
analgesic use, 251
cesarean section patients, use in, 959
dental patients, use in, 995t
for diagnostic procedures, 1028t
dosage ranges, 250t
drug interactions, 440t
epidural use, 584
geriatric animals, use in, 990t
hepatic disease patients, use in, 922
orthopedic patients, use in

postoperative, 1014
premedication, 1010

use in
birds, 856
cats, 251, 709t, 994, 995t, 1003t, 1005, 1016
dogs, 251, 584, 709t, 995t
hedgehogs, 801
horses, 251
prairie dogs, 786
primates, nonhuman, 781, 781t
rodents and rabbits, 767t
swine, 751, 759

Burn trauma, 976–977
Burst suppression, 166, 909
Bushbuck, Telazol use in, 330t-331t
Butabarbital, 275t
Butacaine, use in dogs, 561–562
Butallylonal, 275t
Butethal, 275t
Butorphanol

analgesic use, 249–250
cesarean section patients, use in, 959
combined use with

midazolam, 230
xylazine, 216

dental patients, use in, 995t
for diagnostic procedures, 1028t
dosage ranges, 250t
drug interactions, 440t
epidural use, 584
geriatric animals, use in, 990t
hepatic disease patients, use in, 922
respiratory system effects, 937
use in

alpacas, 733
badgers, 789
birds, 856
cats, 250t, 251, 709t, 995t, 1003t, 1015t
dogs, 249, 250t, 584, 709t, 995t, 1001t, 1015t
goats, 733
hedgehogs, 801
horses, 250–251, 250t, 630, 633, 720t, 721–722,

1021–1022, 1024
llamas, 733
prairie dogs, 786
rhinoceros, 795
rodents and rabbits, 767t
seals, 837
sheep, 733, 735
swine, 751, 756, 757t
tapirs, 824

Butyrophenones. See also specific drugs
adverse effects, 207t
hemodynamic effects, 83t
overview, 207–208
receptor-binding affinities, 207t

Cacomistle, Telazol use in, 332t
Caiman, physical restraint of, 872
Cakala technique, 652
Calcium

calmodulin-calcium complex, 77, 87
excitation-contraction coupling, 73–74, 74f
hypercalcemia, 197

hypocalcemia, 197, 555
monitoring in anesthetized patients, 555
normal values for species, 187t

Calcium borogluconate, 739
Calcium chloride, drug interactions, 440t
Calcium gluconate, 555
Calcium hydroxide, 479
Calmodulin, 77, 87
Calves. See Cattle
Cambridge technique, 651
Camelids

analgesia, 742–743
anesthesia

complications
intraoperative, 741–742
postoperative, 742

induction, 733–736
barbiturates, 734
guaifenesin, 735
ketamine, 734–735
propofol, 736
tiletamine-zolazepam, 735–736

maintenance, 736–737
monitoring, 739–741, 740f
patient, 731–732
recovery, 741
sedation/restraint, 732–733
supportive therapy

fluid administration, 738
patient positioning, 737–738, 738f
respiratory, 738–739

blood pressure, 740–741
breathing rate, 740
endotracheal intubation, 736–737, 736t, 742
heart rate, 739

Camels, drug usage in. See also Camelids
chlorpromazine, 795
choral hydrate, 795
doxapram, 795
etorphine, 799t
guaifenesin, 795
halothane, 795
isoflurane, 795
ketamine, 324t, 787t, 795
lidocaine, 795
medetomidine, 787t
pentobarbital, 795
sevoflurane, 795
thiopental, 795
xylazine, 794–795

Cancer
pain

acupuncture for, 1006
analgesic agents

acetaminophen, 1004–1005
anticonvulsants, 1006
bisphosphonates, 1006
for cats, 1002t-1003t
combined, 1005
for dogs, 1001t-1002t
NMDA antagonists, 1005
NSAIDs, 258, 1000, 1004
opioids, 1005
steroids, 1006
tricyclic antidepressants, 1006

approach to management, 997–998
assessment of, 998, 999t
defined, 32
importance of alleviating, 998
nutraceutical products for, 1006
principles of alleviation, 998–1000, 1000f
radiation and, 1006

risk with anesthetic drugs, 12
Canids, wild and feral, 789. See also specific species
Cape hunting dogs, drug usage in

ketamine, 319t
Telazol, 332t

Capillaries
anatomy, 89f, 91
capillary exchange, 91–92
Starling’s law, 92, 93f

Capillary refill time
in birds, 858
in ruminants, 739
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Capnogram, 548t, 549f, 858
Captopril, use in congestive heart failure therapy,

893t
Capture myopathy, 761
Caracal, Telazol use in, 333t
Carbicarb, 974
Carbocaine. See also Mepivacaine

dogs, 576
horses, 619f, 623f, 628

Carbon dioxide
apneic threshold and, 900
brain penetration by drugs, effect on, 279t
carbon dioxide-oxygen mixture for anesthesia induc-

tion in swine, 758–759, 759f
hypercapnia, 125, 549t
hypercarbia

anesthetic recovery, delayed, 714
effect on blood-barrier permeation, 10
electroencephalography, effect on, 166
hepatic hypoperfusion and, 921
from xylazine, 732

hypocapnia, 125, 549t
hypocarbia, 10
for immobilization of fish, 885
nitrous oxide use with, 3
PaCO2 (see Arterial partial pressure of carbon diox-

ide (PaCO2))
in power projection systems, 812
respired percentages in humans, 126t
transport in respiration process, 127–128, 128f

Carbonic anhydrase, 127, 128f
Carbonic anhydrase inhibitors, in ophthalmic medica-

tions, 947–948
Carbon monoxide

from inhalant anesthetics, 11
inhalation, 976

Carboxyhemoglobin, 549–551
Cardiac arrest

cardiopulmonary resuscitation (CPR)
ABCD protocol, 1037–1038, 1037f
algorithm for, 1040f
defibrillation, 1039, 1039f
drug therapy, 1038
internal, 1039
overview, 1037–1039, 1037f, 1039f
postresuscitation care, 1039

diagnosis, 1036
forms of, 1036–1037
signs of, 1037t

Cardiac arrhythmias. See Arrhythmias
Cardiac contractility, 74, 76–77, 81–82
Cardiac cycle, 77–79, 78f
Cardiac dysrhythmia, management of, 1035t, 1036. See

also Arrhythmias
Cardiac massage, 1037
Cardiac murmurs

anesthetic selection and, 22
evaluation in horse, preanesthesia, 719–720

Cardiac output
determinants of, 79–83, 81f
distribution to peripheral tissues, 92t
impairment, 891–892

cardiomyopathy, 892
pericardial tamponade, 892
pericarditis, 892
valvular heart disease, 892

inhalation anesthetics and, 368, 377
monitoring in anesthetized patient, 546–547

Cardiac pump theory, 1037
Cardiogenic shock, 895, 974
Cardiomyopathy

congestive, 109, 892
hypertrophic, 109, 892, 894–895
thyrotoxic, 936

Cardioplegic solutions, use with hypothermia, 294
Cardiopulmonary resuscitation (CPR)

ABCD protocol, 1037–1038, 1037f
acupuncture and, 693
algorithm for, 1040f
defibrillation, 1039, 1039f
drug therapy, 1038
internal, 1039
overview, 1037–1039, 1037f, 1039f
postresuscitation care, 1039

Cardiovascular system
anatomy, functional

blood, 63–65
blood vessels, 62–63, 64f
heart, 61–62, 63f

anesthetic effects, 14t
in birds, 847, 849
blood (See Blood)
blood vessels

anatomy, 62–63, 86–87
local control systems, 105–107
role of, 86, 88f, 89f
smooth muscle contraction, 87–88, 90f
vascular disease, 111–112
vessel types, 88–94

arteries, large, 89–90
arteriovenous shunts, 91
capillaries, 91–92, 93f
resistance vessels, 90–91
sphincter vessels, 91
veins and venules, 92, 94

control mechanisms
humoral, 104–105, 105t, 106f
local control, 105–107, 107f, 107t
neural control

afferent input, 95–97, 98t
CNS integration, 97
efferent output, 97, 100t
overview, 95, 96f, 96t
parasympathetic nervous system, 99f, 103–104,

103f
sympathetic nervous system, 97–98, 99f,

100–103, 101f
overview of, 94–95, 95f, 95t

decreased performance during colic surgery,
1023–1024

disease
anemia, 896
arrhythmias, 110–111, 110f, 111t, 112t, 897
cardiac output impairment, 891–892
cardiomyopathy, 109, 892, 894–895
congenital heart disease, 895
congestive heart failure, 892, 893t-894t, 894
heart disease, 107–110, 109f, 109t
heartworm disease, 111, 897
hypoproteinemia, 896–897
pericardial tamponade, 892
pericarditis, 892
shock, 895–896
valvular heart disease, 892
vascular disease, 111–112

drug effects
acepromazine, 208–209
azaperone, 210
detomidine, 223–224
dissociative anesthetics, 302–303
inhalation anesthetics, 377–379, 377t-378t, 378f

arterial blood pressure, 377, 378f
cardiac output, 377
influencing factors, 378–379
rhythm, 377–378

medetomidine, 218
opioids, 244
romifidine, 225
xylazine, 214

emergencies
cardiac arrest, 1036–1039, 1037f, 1037t, 1039f,

1040f
cardiac dysrhythmia, 1036
hemorrhage and fluid loss, 1034–1035

evaluation in horse, preanesthesia, 719–720
in geriatric animals, 987, 987t
heart function

cardiac cycle, 77–79, 78f
contraction, 74–77, 75f–76f
electrophysiology, 68–73, 69t, 70f–72f, 71t
excitation-contraction coupling, 73–74, 74f
hemodynamic indices, 82t
performance and output, determinants of

afterload, 79–81
inotrophy, 81–82
lusitropy, 82–83
preload, 79, 81f

pressure-volume loop, 77–79, 78f, 82f

relaxation, 77
ventricular-vascular coupling

overview, 83
vascular function curve, 83–84, 85f
ventricular-arterial coupling, 84, 86, 86f

hemorrheology (blood flow)
impedance, 66–67, 67f
pressure, resistance, and flow, 65–66
turbulence, 67–68, 68f
viscosity, 66, 67f

mechanical ventilation, effect of, 513, 513f
metabolism, 86, 87f
monitoring

in anesthetized patients, 539–547, 540t
arterial blood pressure, 543–546, 544f–546f,

545t, 547t
cardiac output, 546–547
central venous pressure, 542–543, 543f
heart rate, 539–540, 540t
heart rhythm, 540–541, 541t, 542t
oxygen delivery, 547
vasomotor tone, 541, 542t

in reptiles and amphibians, 877–878
in ruminants, 739–740

in neonatal animals, 986–987, 986t
neuromuscular blocking agent effects, 425
oculocardiac reflex, 946–947
overview, 61, 62f
physiology, 891
pregnancy, alterations in, 955–956
reflexes and signs, 98t
reptiles and amphibians, 869–870
toxicity

of local anesthetics, 409–410
potassium-induced, 198

Carfentanil
hazards of use, 810
overview, 249
use in

antelope, 791, 797t
bears, 800
bison, 824
blesbok, 797t
buffalo, 797t
eland, 797t
elephants, 797t, 798
elk, 794, 824
gemsbok, 797t
giraffes, 795, 797t
hartebeest, 797t
impala, 797t
kudu, 797t
moose, 824
polar bears, 838
primates, 799
pronghorn antelope, 824
ratites, 860
rhinoceros, 795, 797t
seals, 838
springbok, 797t
tsessebe, 797t
warthog, 797t
waterbuck, 797t
wildebeest, 797t
wild horses, 795
zebras, 795, 797t

wildlife capture, use in, 814
Caribou

chemical immobilization, 824
drug usage

acepromazine, 794
azaperone, 794
etorphine, 794
fentanyl, 794
ketamine, 824
medetomidine, 824
xylazine, 794

weight, 824
Carnivores, drug usage in. See also specific species

ketamine, 318t-324t
Telazol, 332t-337t

Carotid body, 97, 899
Carotid sinus mechanoreceptors, 99f
Carpal block, 612, 613f
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Carprofen
for dental patients, 995t
dosage ranges, 259t
milk, levels in, 966
overview, 260
use in

cats, 995t, 1015t
dogs, 48, 995t, 1001t, 1015t
horses, 723t
primates, nonhuman, 781t
rodents and rabbits, 767t

Carvedilol, use in congestive heart failure therapy, 894t
Castration, anesthesia for

in horses, 634, 634f, 635f
in ruminants, 675–676

intratesticular injection, 676
Catecholamines

arrythmogenic effects of, 378
cardiovascular effects, 104
perivascular injection of solutions, 1041
release in Stage II of anesthesia, 13
in stress response, 20

Catheters
bladder, 21
intravenous, 195
wound infusion, 1014

Cats
analgesia

analgesic adjuvant dosage ranges, 263t
doses of analgesics, 51t
epidural opioid, 600–602
perioperative, 713, 713t

anesthesia
agents

antagonists, 711t
cyclohexamines, 710t
injectable anesthetics, 710t
opioids, 709t
sedatives and tranquilizers, 709t

anesthetic plan
for intermediate-term anesthesia, 711
for long-term anesthesia, 711
selecting, considerations for, 708t
for short-term anesthesia, 708, 710–711

epidural, lumbosacral, 599–600, 601f
induction, 712
infiltration, 595–596
maintenance, 712–713, 713t
patient preparation, 707–708, 707t
preanesthetic considerations

history, 706, 706t
laboratory evaluation, 706–707
physical examination, 706, 706t
physical status, 707, 707t
signalment, 705–706, 706t

premedication, 711–712, 712t
record, anesthetic, 713
recovery, 713–715
regional

head, 596, 596f
intravenous, 598
limb, 596–597, 597f–598f

topical, 595
blood chemistry and tematologic normal values, 187t
blood-gas and acid-base values, 123t
blood groups, 191t
blood volume, 1013
cardiomyopathy, thyrotoxic, 936
cesarean section, 962, 963t
digital (pedal) reflex, 16
drug usage

acepromazine, 208–210, 709t, 712t, 714, 927
acetaminophen, 262, 1002t, 1015t
alphaxalone, 710t, 711
Althesin, 287, 288f
amantadine, 263t, 1002t, 1015t
amitriptyline, 1002t, 1006
aspirin, 262, 995t, 1002t, 1015t
atipamezole, 226–227, 711t
atracurium, 423t
atropine, 206
bupivacaine, 595–596, 980, 994, 994t, 1015t
buprenorphine, 709t, 994, 995t, 1003t, 1005,

1015t, 1016

butorphanol, 250, 250t, 709t, 995t, 1003t, 1015t
carprofen, 260, 995t, 1015t
chloralose, 289
chondroitin sulfate, 1003t, 1015t
cisatracurium, 424
codeine, 995t
deracoxib, 1015t
diazepam, 228–229, 709t, 918
dipyrone, 262
etodolac, 1015t
etomidate, 710t, 918
fentanyl, 248, 602, 713t, 1003t, 1015t
flumazenil, 711t, 923
gabapentin, 263, 263t, 1015t
glucosamine, 1003t, 1015t
glycopyrrolate, 207
halothane, 713t
hydromorphone, 247, 709t, 1015t
isoflurane, 711, 712, 713t
ketamine, 263t, 305–306, 307t, 319t-320t, 602,

710t, 712t, 713t, 918, 927, 1015t
ketoprofen, 260, 995t, 1003t, 1015t
ketorolac, 262
lidocaine, 595–597, 713t, 974, 994, 994t, 1015t
medetomidine, 217–218, 219f, 220–222, 263t,

602, 709t, 1015t
meloxicam, 259–260, 994, 995t, 1003t, 1015t
meperidine, 247
mepivacaine, 994t
methadone, 1015t
methohexital, 283, 710t
midazolam, 229–230, 709t
morphine, 22, 246, 600–601, 709t, 713t, 1003t,

1015t
naloxone, 711t
naproxen, 1015t
NSAIDs, 1004
opioids, 245t, 1005
oxyglobin, 973
oxymorphone, 246–247, 601–602, 709t, 1015t
pancuronium, 423t
pentobarbital, 287
pipercuronium, 423t
piroxicam, 1003t, 1015t
polysulfated glycosaminoglycan, 1015t
prednisolone, 1003t, 1015t
propofol, 291, 292, 708, 710t, 711, 918, 979
romifidine, 224–225
ropivacaine, 595–596
sevoflurane, 711, 712, 713t
succinylcholine, 423t
Telazol, 306, 308t, 333t, 710t, 712t
tepoxalin, 1015t
thiopental, 284, 708, 710t
tolfenamic acid, 261, 1003t
tramadol, 263t, 995t, 1003t, 1015t
urethan, 290
vecuronium, 423t
xylazine, 212, 214–216, 216t, 709t, 712t, 904,

927, 1015t
yohimbine, 711t
zolazepam, 923

ear-flick reflex, 16
ear pinch response, 16
endotracheal intubation, 129, 500–501, 501f
extensor tone, 16
eyeball position, 15
hypothermia, perioperative, 714
laryngospasm, 15, 129
local anesthetic toxicity, 409
methemoglobinemia, from local anesthetics,

411–412
nerve blocks

brachial plexus, 597–598, 599f
common peroneal nerve, 597, 598f
inferior alveolar (mandibular), 596, 596f
infraorbital, 596, 596f
intercostal, 599, 600f
median nerve, 596–597, 597f
mental, 596, 596f
radial nerve, 596–597, 597f
tibial nerve, 597, 598f
ulnar nerve, 596–597, 597f

NSAID dosage ranges, 259t

opioid agonist-antagonist dosage ranges, 250, 252t
peripheral nerve stimulation, 429
posterior paralysis, 28
RBC survival time, 191t
in research environment, 768
respiratory alteration during anesthesia, clinical

implications of, 143–144
respiratory values, 122t, 123t
SIRS (systemic inflammatory-response syndrome),

970
urethral obstruction, 918

Cattle
analgesia, 53t, 742–743
anesthesia

anterior epidural, 664, 666–669
for castration, 675–676, 676f
caudal epidural

agents, 660–661
continuous, 661, 661f
needle placement, 658–659, 658f

complications
intraoperative, 741–742
postoperative, 742

for foot, 671–672
induction, 733–736

barbiturates, 734
guaifenesin, 735
ketamine, 734–735
propofol, 736
tiletamine-zolazepam, 735–736

infiltration, 651, 651f
intra-articular, 675
for laparotomy, 650–658

continuous lumbar segmental epidural
anesthesia, 656–657, 656f

distal paravertebral thoracolumbar anesthesia,
652–653, 653f

infiltration anesthesia, 651, 651f
proximal paravertebral thoracolumbar

anesthesia, 651–652, 652f
segmental dorsolumbar epidural anesthesia,

653–656, 654f, 655f
thoracolumbar subarachnoid anesthesia,

657–658, 657f, 658f
for limbs

pelvic limb, 673–675, 674f, 675f
thoracic limb, 672–673, 673f, 674f

maintenance, 736–737
monitoring, 739–741, 740f
nerve blocks

auriculopalpebral nerve, 646, 647f, 648f, 649
axial digital nerves, 673, 673f
brachial plexus, 672
common peroneal nerve, 673–674, 674f
deep peroneal nerve, 674, 675f
dorsal antebrachial nerve, 673, 673f
foot, ring block for, 671
infraorbital nerve, 647f, 649
infratrocheal nerve, 650, 650f
internal pudendal nerve, 662–663, 663f
median nerve, 672–673, 673f
metatarsal nerves, 674–675, 675f
musculocutaneous nerve, 673, 673f
paravertebral, distal, 652–653, 653f
paravertebral, proximal, 651–652, 652f
paravertebral, sacral, 662, 662f
perineal nerve, 670
Peterson eye block, 648, 648f
retrobulbar, 646, 647f
superficial peroneal nerve, 674, 675f
teat, ring block for, 670, 670f
tibial nerve, 673–674, 674f
ulnar nerve, 647f, 673, 673f
zygomaticotemporal, 647f, 649, 650, 650f

for obstetric procedures, 658–661
patient, 731–732
recovery, 741
regional of the head, 646–650

for enucleation, 646, 647f–648f, 648–649
eye, 646
eyelids, 646, 647f
horn, 647f, 649–650, 650f
nasal, 647f, 649

sacral paravertebral, 662, 662f
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sedation/restraint, 732–733
subarachnoid, 666, 668–669, 668f
supportive therapy

cardiovascular, 739
fluid administration, 738
patient positioning, 737–738, 738f
respiratory, 738–739

for teat and udder, 669–670, 669f–670f
blood chemistry and hematologic normal values, 187t
blood-gas and acid-base values, 123t
blood groups, 191t
blood pressure, 740–741
breathing rate, 740
cesarean section, 963t
displaced abomasum, 930
drug usage

atipamezole, 655, 733
bupivacaine, 675
butorphanol, 250t, 251
chloral hydrate, 289
clonidine, 661
detomidine, 223, 660, 732
doxapram, 733
ethyl alcohol, 661, 662
flunixin, 261, 742
guaifenesin, 433, 735
idazoxan, 733
isopropyl alcohol, 661, 662
ketamine, 309–310, 312t-313t, 661, 734
ketoprofen, 261
lidocaine, 645–646, 645f, 648, 651–652, 655–663,

670–676
medetomidine, 660–661, 732–733
methohexital, 284
opioid agonists, 245t
pentobarbital, 282, 733
phenylbutazone, 261
procaine, 655, 656, 658
proparacaine, 646
Telazol, 314t, 735
tolazoline, 225, 667, 733
tubocaine, 655
xylazine, 214–217, 216t, 655, 660, 927
yohimbine, 733

ear-flick reflex, 16
electroimmobilization, 296
endotracheal intubation, 503, 503f, 736–737, 736t,

742
eyeball position, 15, 16f
functional residual capacity, 138, 139f
heart rate, 739
opioid agonist-antagonist dosage ranges, 250
RBC survival time, 191t
recumbency, effect of, 140, 141
respiratory alteration during anesthesia, clinical

implications of, 144–146, 145f
respiratory values, 122t, 123t

Cauda equina, 156
Caudal epidural anesthesia, in horses, 620–627
Causalgia, defined, 32
CD14 receptor, 1019
Cellular effects, of anesthetics, 12
Central nervous system (CNS)

in geriatric animals, 987
inhalation anesthetics effects on, 373–375

analgesia, 375
cerebral blood flow, 375
cerebral metabolism, 375
electroencephalographic (EEG) effects, 374–375
intracranial pressure, 375

neuromuscular blocking agents, effect of, 426
from opioids, 243
toxicity of local anesthetics, 408–409, 409f

Central venous pressure (CVP)
measurement, 917
monitoring in anesthetized patient, 542–543
waveforms, 543f

Cephalosporins, neuromuscular actions of, 429
Cerebellum, 154
Cerebral blood flow (CBF)

anesthetic agent effects on, 904–906
autoregulation of, 903–904, 904t
inhalation anesthetic effect on, 375
ketamine effects on, 302

Cerebral edema, 976
Cerebral metabolic rate (CMR), inhalation anesthetic

effect on, 375
Cerebral metabolic requirement for oxygen (CMRO2),

903, 909, 975
Cerebrospinal fluid (CSF)

absorption, 158–159
circulation, 158
observation during epidural anesthesia, 576, 599
pressure, 159–160
production, 158

Cerebrum, anatomy, 153
Cervical trauma, 976
Cervical vertebral instability, in horses, 906–907
Cervicothoracic (stellate) ganglion block, 634–635,

635f–637f
Cesarean section patients

anesthetic drugs
anticholinergic agents, 958–959
dissociatives, 960
inhalation agents, 960
local anesthetics, 961
neuroleptanalgesia, 960
opioids, 959
sedative-hypnotics, 959–960
skeletal muscle relaxants, 960–961
tranquilizers and sedatives, 959

anesthetic techniques
general anesthesia, 961–962
local anesthesia, 964–965
regional anesthesia, 964
species-associated, 963t-964t

newborn care, 965
pain management, perioperative, 965–966
pharmacological alterations in pregnancy, 957–958
physiological alterations in pregnancy, 955–957

Cetacaine, 411–412
Cetaceans, 833–835, 834f, 835t
Chamber, anesthetic

for induction in dogs and cats, 712
for rodents, 773, 773f

Chamber inductions, 485, 485f, 712
Chamois, drug usage in

ketamine, 787t
medetomidine, 787t

Cheetah
chemical immobilization, 826–827
drug usage

atipamezole, 826
ketamine, 320t, 790t, 826–827
medetomidine, 826
Telazol, 334t, 826–827
xylazine, 827

weight, 826
Chelonians

anesthetic protocols, 879t, 880–881
IM injections, 873
intraosseous catheterization, 875t
physical restraint, 871
respiratory system, 870
vascular access, 873, 874t, 875f

Chem-Cast, 676
Chemical immobilization of wildlife. See Wildlife,

chemical immobilization of
Chemical restraint, standing in horse

acepromazine/xylazine combination, 721
�2–agonists, 720t, 721
opioids, 720t, 721
phenothiazine tranquilizers, 720–721, 720t
sedative/tranquilizer-opioid combinations, 722

Chemoreceptors
for arterial partial pressure of carbon dioxide

(PaCO2), 129–130, 131f
for arterial partial pressure of oxygen (PaO2), 130,

131f
ventilatory control, 899

Chemoreceptor trigger zone, 208
Chest tube, anesthetic administration through, 571,

571f
Chest wall, during anesthesia, 140–141
Chewing reflex, as indicator of anesthetic depth, 536
Cheyn-Stokes respirations, 118, 547
Chicken, ketamine use in, 328t
Chimpanzee, Telazol use in, 337t

Chinchilla, 337t, 786
Chinese leopard, ketamine use in, 790t
Chloral hydrate

anesthetic use, 3
combined use with

magnesium sulfate, 289, 290f
xylazine, 289

dosage, 289
induction of anesthesia, 289
introduction of, 289
recovery, 289
urinary excretion, 289
use in

bison, 793
buffalo, 793
camels, 795
cattle, 289
horses, 289, 290f, 720
rats, 775t
swine, 289

Chloralose
overview, 289
use in

bears, 800
cats, 289
dogs, 289
laboratory animals, 776
marsupials, 801
nutria, 786
opossums, 801
rats, 775t
swine, domestic, 760–761
swine, wild and feral, 791

Chloride
disorders, 179–180, 180t
normal values for species, 187t

Chloroform, anesthetic use, 3
Chloroprocaine

chemical structure, 400t
combined use with

bupivacaine, 400
sodium bicarbonate, 405

development of, 395
epidural use, 577t
metabolism of, 408
properties of, 401t
speed of onset, 398, 401t
toxicity

myotoxicity, 411
neurotoxicity, 410–411

use in
dogs, 577t
ruminants, 644t

Chlorpromazine
milk, levels in, 965
use in

bats, 785
buffalo, 793
camels, 795
elk, 794
rhinoceros, 795

Cholinergic agents, as ophthalmic medications, 947
Cholinergic receptors

description, 104
ligand-receptor interaction, 421–422
muscarinic receptors

atropine effect on, 205
biological response, 102t
description, 104
types, 203, 204t

nicotinic receptors
description, 104
neuromuscular junction, 166, 420–421

postjunctional, 420–421
prejunctional, 420

Cholinesterases, liver production of, 924
Chondodendron tomentosum, 420
Chondroitin sulfate, use in

cats, 1003t, 1015t
dogs, 1001t, 1015t

Choroid plexus, 158, 159f
Chromaffin cells, 164
Cimetidine

drug interaction, 980
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Cimetidine (continued)
SIRS (systemic inflammatory-response syndrome),

972t
Circulation. See also Cardiovascular system;

Vasculature
anesthetic effects, 15
assessing, 25, 27t
fetal, 958, 958f

Cisatracurium, 424
Civets, Telazol use in, 336t
Claustrum, 153
Clindamycin, neuromuscular actions of, 429
Clonidine, use in

cattle, 661
swine, 665, 666

Closed circle system, 480, 480t
Closed containers, 485, 485f
Clouded leopard, ketamine use in, 790t
Clove oil (Eugenol), 879t, 880, 883, 885t
CMR (cerebral metabolic rate), inhalation anesthetic

effect on, 375
CMRO2 (cerebral metabolic requirement for oxygen),

903, 909, 975
CNS. See Central nervous system (CNS)
Coagulation, monitoring, 554
Coagulopathy, in liver disease, 924–925
Coati, mountain, 789
Coatimundi, 789
Cocaine

anesthetic use, 3
chemical structure, 400t
metabolism of, 408
use in

dogs, 561–562
horses, 408

Cockatoo, Telazol use in, 343t
Codeine

analgesic use, 249
for dental patients, 995t
dosage ranges, 245t
use in

cats, 995t
dogs, 995t, 1001t

Coffin block, 612, 612f
Colic, in horses, 1019–1024

anesthesia, preparation for, 1020–1021
anesthetic protocols, 1021–1023
cardiovascular performance during anesthesia,

1023–1024
endotoxemia, impact on physiological status,

1019–1020
hypoventilation and hypoxemia during anesthesia,

1023
from opioids, 244
recovery from anesthesia, 1024

Collared peccaries, drug usage in
ketamine, 324t
Telazol, 340t, 755
xylazine, 755

Colloidal osmotic pressure (COP)
description, 186
monitoring, 553–554

Colloid preparations
description, 190
dextran solutions, 192
hydroxyethyl starch, 192–193
for hypovolemia, 971, 972t
for orthopedic patients, 1013
pentastarch, 193
plasma, 190
whole blood, 190–192, 191t

Common gas outlet, anesthesia machine, 475, 475f
Common peroneal nerve block

in cats, 597, 598f
in ruminants, 673–674, 674f

Compliance
calculation of, 548
description, 120
dynamic, 548
static, 548

Compliance (volume-pressure) curves, 91f
Complications associated with anesthesia, management

of, 1034t-1035t
Compound A, 11, 380

Compressed gas-powered projectors, 812
Computed tomography (CT)

anesthetic protocol selection, 1031
contrast agents, 1028–1029, 1029t
disease processes present in patients, 1031t
general considerations, 1028
monitoring for, 1031–1032

Concentration, effect on anesthesia, 10
Conduction anesthesia, 3
Congenital heart disease, 895
Congestive heart failure, 892, 893t-894t
Consciousness, sphere of, 534
Continuous-infiltration anesthesia, in dogs, 563–564,

564f, 565f
Contrast agents, 1028–1029, 1028t
Controlled ventilation, defined, 517
Control-mode ventilation (CMV), 516
Conventional positive-pressure ventilation (CPPV),

516
Copper Kettle vaporizer, 466t, 472–474, 473f
Corneal reflex

anesthetic effects, 13, 15
in horses, 725

Corneal ulcers, 742, 951, 1044
Cornell technique, 652
Cornual nerve block, 649–650, 650f
Coronary artery, 62
Coronary chemoreflex, 97
Corpus striatum, 153
Corticosteroids

contraindication in CNS trauma, 904
drug interactions, 447
for ocular patients, 948

Corticotropin-releasing factor (CRF), 20, 934
Cortisol

deficiency, 934–935
as pain marker, 42

Cough reflex
description, 98t
suppression with lidocaine, 943

Cows. See Cattle
COX (cyclooxygenase), 252–256, 253f, 446–447
Coxofemoral block, 616, 616f
Coyotes, drug usage in

diazepam, 789
ketamine, 318t-319t
Telazol, 332t

Coypu, 786
CPAP (continuous positive airway pressure), 517
CPR. See Cardiopulmonary resuscitation (CPR)
Cranial nerves

description, 155–156
diagram of, 156f

Craniocardiac reflex, description, 98t
Creatinine, normal values for species, 187t
Cremophor EL, 288
CRF (corticotropin-releasing factor), 20, 934
Critical patients

anesthesia
induction, 977–979
maintenance, 979
premedication, 977
recovery, 983
regional, 979–980
support

inotropic, 975t, 981–982
intraoperative, 980
perioperative fluid, 980–981
renal, 982–983
temperature, 982

patient monitoring, 974
pharmacological support, 974–975, 975t
shock

cardiogenic, 974
cardiovascular resuscitation goals, 970t
hemorrhagic, 970–973
multiple organ dysfunction syndrome (MODS),

970, 971f
septic, 969–970
spinal, 973–974, 973f, 973t
systemic inflammatory response syndrome (SIRS),

969–970, 970t, 971f, 972t
trauma management

head trauma, 975–976

thermal/burn trauma, 976–977
thoracic and abdominal trauma, 976

Crocodilians
anesthetic protocols, 879t, 881
IM injections, 873
physical restraint, 872, 872f
Telazol use in, 342t
vascular access, 873, 874t, 876f

Cross fiber massage, 698
Crossmatching blood, 191
Cryotherapy, 697–698
Crystalloid preparations

alkalinizing agents, 189–190
sodium bicarbonate, 189
tromethamine (THAM), 189–190

description, 186
dextrose, 189
hypertonic saline, 188
hypotonic saline, 188
for hypovolemia, 971, 972t
isotonic saline, 188
maintenance solutions, 186–187
for orthopedic patients, 1013
replacement solutions, 187

CSF. See Cerebrospinal fluid (CSF)
CT. See Computed tomography (CT)
Cubital (elbow) block, 612, 614f
Cunean bursa block, 614, 614f, 615f
Curare, history of, 420
Currents, associated with the cardiac action potential, 69t
CVP. See Central venous pressure (CVP)
Cyanosis, 900
Cyclic adenosine monophosphate (cAMP)

adenoreceptors and, 101
prostaglandin effect on, 256
vascular smooth muscle contraction and, 87–88

Cyclobarbital, duration of action, 275t
Cyclohexamine anesthetics. See also Dissociative

anesthetics; specific drugs
use in wildlife immobilization/capture, 815

Cyclooxygenase (COX) enzyme, 252–256, 253f,
446–447

Cyclopal, 275t
Cyprenorphine, use in

antelope, 797t
bighorn sheep, 793
blesbok, 797t
buffalo, 797t
eland, 797t
elephants, 797t
gemsbok, 797t
giraffe, 797t
hartebeest, 797t
impala, 797t
kudu, 797t
rhinoceros, 797t
springbok, 797t
tsessebe, 797t
warthog, 797t
waterbuck, 797t
wildebeest, 797t
zebra, 797t

Cytochrome P-450
inducers, 444, 444t
inhibitors, 444–445, 445t

Cytokines, endotoxin effects on, 1020

Dale’s law, 165
Dalton’s Law of Partial Pressure, 358
Dantrolene

adverse effects, 433–434
combined use with vecuronium, 434
for malignant hyperthermia, 380, 433, 553
metabolism, 433
use in

horses, 727
swine, 380, 433, 761–762

Darts
blowgun, 811–812
impact trauma, 810, 810f
mechanisms

air-activated, 813
explosive discharge, 812
spring-activated discharge, 813
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placement, 810–811, 811f
precapture planning and, 817
safe handling, 820
types, 812f

Dazzle reflex, as indicator of anesthetic depth, 537
Dead-space ventilation, 548
Decamethonium, development of, 420
Deep peroneal nerve block, in ruminants, 674, 675f
Deer

chemical immobilization of, 823–824
drug usage

atipamezole, 793, 794t, 823
diazepam, 794
etorphine, 794, 799t
fentanyl, 794
ketamine, 317t–318t, 787t, 788t, 823
medetomidine, 787t, 788t, 793, 823
pentobarbital, 794
perphenazine, 817
Telazol, 793, 823
xylazine, 793, 794, 823
yohimbine, 226

weight, 823
Defecation, preinduction, 21
Dehorning, anesthesia for, 649–650, 650f
Dehydration, estimating degree of, 193
Delayed peracute death syndrome, 822
Delirium, stage of, 13
� (delta) receptor, 241–242
Demand valves, 529–530, 529f–530f, 718f
Demerol. See Meperidine
Density, defined, 405
Dental pain, NSAIDs for, 258
Dental patients, 993–995

monitoring, 993
pain management

local and regional blocks, 993–994, 994t
take-home medications, 994, 995t
technique-associated, 994t

patient preparation, 993
Depolarization, 166
Deprenyl. See Selegiline
Deracoxib

description, 261
dosage ranges, 259t
use in

cats, 1015t
dogs, 1001t, 1015t

Dermatome, 32, 160
Desflurane

apneic index, 376t
boiling point, 362
carbon monoxide production by, 11
cardiac arrhythmias, 112t
chemical structure, 358f
effects on

cerebral blood flow, 155
hepatic blood flow, 921, 922t
muscle relaxation, 428
perfusion and pressure, 905t
renal system, 916t
respiratory system, 132, 900

hepatic disease, use in patients with, 923
minimum alveolar concentration (MAC), 371t–372t
partition coefficients, 359
physical and chemical properties, 357t
use in

cesarean section patients, 960
laboratory animals, 772
swine, 758

Detomidine
analgesic action, 48
analgesic use, 263, 263t
antinociceptive effects, 223f
cardiac arrhythmias, 112t
cesarean section, use in, 962
chemical structure, 212f
clinical uses, 224
milk, levels in, 965
overview, 222–223
pharmacodynamics, 223–224, 223f
pharmacokinetics, 223
respiratory system effects, 135f
reversal, 816

use in
buffalo, 793
cattle, 223, 660, 732
cesarean section patients, 959
horses, 222–224, 223f, 624, 624f, 625f, 626, 629,

631f, 720t, 721, 927, 929, 1021
llamas, 733
rhinoceros, 828
sheep, 667–668, 732–733
swine, 665, 752
zebras, 827

wildlife immobilization/capture, use in, 816
Dexamethasone

CSF formation, effect on, 904
drug interactions, 440t

Dexmedetomidine
epidural use, 585
use in

dogs, 585
neurological disease, 904

Dextran, 192, 972t, 980
Dextromethorphan, 1005
Dextrose

cerebral blood flow and, 904
in local anesthetic solutions, 405
positive inotropic action of hyperosmotic fluids, 981
solutions, 189

DHP (dihydropyridine) receptor, 73
Diabetes insipidus, 934
Diabetes mellitus, 933–934
Diagnostic procedures, anesthesia for, 1027–1032. See

also specific procedures
anesthetic doses for protocols, 1028t
bone marrow aspiration, 1028
bronchoscopy, 1027
computed tomography (CT), 1028–1029, 1029t
esophagostomy tube placement, 1028
laryngoscopy, 1027
magnetic resonance imaging (MRI), 1028–1030,

1029t, 1030t
monitoring, 1031–1032
patient preparation, 1030–1031
protocol selection, 1031
radiation therapy, 1030
thoracic drain placement, 1027–1028
ultrasonography, 1030

Diallylbarbituric acid, 275t
Diameter index safety system (diss), 454, 455f, 523
Diaphragm, position in recumbency, 142
Diazepam

cardiac arrhythmias, 112t
cesarean section patients, use in, 959, 962
chemical structure, 228f
clinical uses, 229
for diagnostic procedures, 1028t
drug interactions, 440t, 442
epidural use, 586
flumazenil for reversal of, 230–231
geriatric animals, use in, 990t
hepatic disease patients, use in, 922
induction with, 1011
intraocular pressure, effect on, 949
ketamine, combined use with, 1011
milk, levels in, 965
orthopedic patients, use in, 1010, 1014
overview, 228
perfusion and pressure effects of, 905t
pharmacodynamics, 229
pharmacokinetics, 228–229
portocaval shunt, use in, 925
respiratory system effects, 134, 135f, 900
trauma and critical patients, use in, 978
use in

bears, 800
birds, 855
buffalo, 793
cats, 219, 228–229, 709t
cetaceans, 834
chinchillas, 786
coyotes, 789
deer, 794
dogs, 229, 586, 587, 709t, 928
goats, 733
guinea pigs, 775t

horses, 229, 723–724, 723t, 727, 907, 908, 919,
1021

marsupials, 801t
mice, 775t
primates, nonhuman, 777t
rabbits, 775t
ratites, 860, 861t–862t
rats, 775t
seals, 837
sea otters, 839
sheep, 733
swine, 752–753, 757t

Dibucaine
toxicity

after ingestion, 410
myotoxicity, 411
neurotoxicity, 410

use in ruminants, 644t
DIC (disseminated intravascular coagulation), 554
Diclofenac

description, 262
use in horses, 258, 722

Diencephalon, 153–154
Diethyl ether. See also Ether

muscle relaxation effects, 428
use in laboratory animals, 771

Diffusion coefficient, 91
Diffusion hypoxia, 382
Digital flexor tendon sheath block, 612, 612f
Digitalis, use in congestive heart failure therapy, 894t
Digital nerve block, in ruminants, 672–673
Digital (pedal) reflex, anesthetic effects on, 16
Dihydropyridine (DHP) receptor, 73
Dilaudid. See Hydromorphone
Diltiazem

antiarrhythmic use, 542t
cardiovascular indications and doses, 542t

Diprenorphine, use in
bighorn sheep, 793
bongo, 792t
buffalo, 792t, 827
eland, 792t
elephants, 798, 827
giraffes, 795, 827
hartebeest, 792t
hippopotamus, 798
oryx, 792t
rhinoceros, 795, 828
waterbuck, 792t
wildebeest, 792t
wildlife immobilization/capture, 815

Dipyrone, 262
Disbudding, anesthesia for, 650
Displaced abomasum, 930
Diss (diameter index safety system), 454, 455f, 523
Disseminated intravascular coagulation (DIC), 554
Dissociative anesthesia, defined, 5
Dissociative anesthetics. See also specific species

analgesic action, 49, 301–302
cesarean section patients, use in, 960
defined, 301
hemodynamic effects, 83t
hepatic disease patients, use in, 923
ocular patients, use in, 949
overview, 301
pharmacologic effects

cardiovascular system, 302–303
hepatic system, 303
intraocular pressure, 303
nervous system, 301–302
renal system, 303
respiratory system, 303

respiratory system effects, 900
use in

birds, 328t–329t, 343t–345t
cats, 305–306, 307t, 308t
dogs, 303–304, 304t, 305t
exotic and wildlife animals, 317t–327t, 330t, 346
horses, 306, 308–309, 309t–310t, 311t
reptiles and amphibians, 342t, 873–874
ruminants, 306, 308–309, 309t–310t, 311t
swine, 315, 315t–316t, 754–755
walruses, 836

Distress, 19, 32
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Diuretics, perioperative use, 918
DIVAS (dynamic and interactive visual analog scale),

for pain assessment, 43
Dive reflex, 833
Dive response, 851
Dobutamine

cardiovascular indications and doses, 542t
catecholamine receptor activation, 975t
drug interactions, 440t
for inotropic support, 981–982
positive inotropic dose and infusion, 975t
use in horses, 726, 929, 1023

Dogs
acupuncture, 687f, 689, 693
African wild dog, 828
analgesia

analgesic adjuvant dosage ranges, 263t
epidural nonopioid, 585–586

�2–agonists, 585, 587
diazepam, 586
glucocorticoids, 586
ketamine, 586
ketorolac, 586, 587

epidural opioid, 582–585
�2–agonists combined with, 587
buprenorphine, 584
butorphanol, 584
ketamine combined with, 587
local anesthetics combined with, 586–587
morphine, 582–583, 583t
oxymorphone, 583–584, 583t
properties and doses of agents, 583t
side effects, 584–585

interpleural regional, 569–571, 570f, 571f
intra-articular, 572
perioperative, 713, 713t

anesthesia
agents

antagonists, 711t
cyclohexamines, 710t
injectable anesthetics, 710t
opioids, 709t
sedatives and tranquilizers, 709t

anesthetic plan
for intermediate-term anesthesia, 711
for long-term anesthesia, 711
selecting, considerations for, 708t
for short-term anesthesia, 708, 710–711

dexterity required for techniques, 562t
epidural, 575–580

adverse effects, 579–580, 579f
continuous, 580–582, 580f
drug selection, 576, 577t, 578
needle placement, 575–576, 575f
pharmacokinetics and pharmacodynamics,

578–579
foot and leg, 571–575

brachial plexus block, 572–573, 572f, 573f
intra-articular analgesia, 572
intravenous regional anesthesia, 573–574, 574f
nerve blocks, 574–575
ring block, 572

ganglion blocks, 587
induction, 712
infiltration, 563–566

continuous-infiltration, 563–564, 564f, 565f
field block, 564, 565f
intraperitoneal infusion, 564, 566

interpleural regional, 569–571, 570f, 571f
intravenous regional, 573–574, 574f
maintenance, 712–713, 713t
patient preparation, 707–708, 707t
preanesthetic considerations

history, 706, 706t
laboratory evaluation, 706–707
physical examination, 706, 706t
physical status, 707, 707t
signalment, 705–706, 706t

premedication, 711–712, 712t
record, anesthetic, 713
recovery, 713–715
regional of the head

eye and orbit, 566–567, 567f
lower lip, 568

mandible and lower teeth, 568
needle placement, 566f, 567f
overview, 566

topical, 561–563
blood chemistry and tematologic normal values, 187t
blood-gas and acid-base values, 123t
blood groups, 191t
blood volume, 1013
brachial plexus block, 402, 403f
brachycephalic airway syndrome, 938
cardiac output, 546–547
cesarean section, 962, 963t
digital (pedal) reflex, 16
doses of analgesics for use in, 49t–50t
drug usage

acepromazine, 208–210, 709t, 712t, 714, 927
acetaminophen, 994, 995t, 1001t, 1005, 1015t

�2–agonists, 586, 587
alphaxalone, 710t, 711
Althesin, 288
amantadine, 1001t, 1005, 1015t
amitriptyline, 1001t, 1006
aspirin, 262, 995t, 1001t, 1015t
atipamezole, 226–227, 711t
atracurium, 423t, 428, 927
atropine, 205–206
benzocaine, 562
bupivacaine, 564, 566, 568, 570–571, 573, 576,

577t, 578, 980, 994, 994t, 1015t
buprenorphine, 584, 709t, 1015t
butacaine, 561–562
butorphanol, 249, 250t, 584, 709t, 995t, 1001t,

1015t
carbocaine, 576
carprofen, 48, 260, 995t, 1001t, 1015t
chloralose, 289
chloroprocaine, 577t
chondroitin sulfate, 1001t, 1015t
cocaine, 561–562
codeine, 995t, 1001t
deracoxib, 261, 1001t, 1015t
dexmedetomidine, 585
diazepam, 229, 586, 709t, 928
dipyrone, 262
ethyl chloride, 562–563
etidocaine, 576, 577t
etodolac, 261, 995t, 1001t, 1015t
etomidate, 290, 291, 710t
fentanyl, 248, 583t, 713t, 1001t, 1015t
firocoxib, 261
flumazenil, 230–231, 711t, 925
flunixin, 261
gabapentin, 263, 263t, 1001t, 1006, 1015t
gamantadine, 263t
glucocorticoids, 586
glucosamine, 1001t, 1015t
glycopyrrolate, 206–207
guaifenesin, 433
halothane, 359t, 713t
hydromorphone, 247, 709t, 927, 928, 1015t
isoflurane, 711, 712, 713t
ketamine, 263t, 303–305, 304t, 586, 587, 710t,

713t, 1014, 1015t
ketoprofen, 260–261, 995t, 1015t
ketorolac, 262, 586
lidocaine, 561–563, 566, 569, 572–574, 576, 577t,

713t, 928, 974, 994, 994t, 1014, 1015t
medetomidine, 217–222, 217f, 220f, 221f, 263t,

585, 709t, 712t, 904, 1015t
meloxicam, 48, 259–260, 995t, 1001t, 1015t
meperidine, 247, 583t
mepivacaine, 563, 577t, 994t
methadone, 583t, 1015t
methohexital, 283, 284, 710t
midazolam, 229–230, 709t
mivacurium, 425
morphine, 246, 569–571, 578, 582–583, 583t,

709t, 713t, 995t, 1001t, 1002t, 1014, 1015t
naloxone, 711t
naproxen, 1015t
opioid agonists, 245t
oxybuprocaine, 562
oxyglobin, 973
oxymorphone, 246–247, 583–584, 583t, 709t, 1015t

pamidronate, 1002t, 1006
pancuronium, 423t, 425
pentobarbital, 281, 281f, 282f, 287
phenobarbital, 280
phenylbutazone, 261
pipercuronium, 423t
piroxicam, 262, 1002t, 1015t
polysulfated glycosaminoglycan, 1015t
prednisolone, 1002t, 1015t
procaine, 576, 577t
proparacine, 561–562
propofol, 291, 292, 708, 710t, 711
quinidine, 928
romifidine, 224–225
ropivacaine, 573, 577t, 578
sevoflurane, 711, 712, 713t
succinylcholine, 423t
Telazol, 304–305, 305t, 332t, 710t, 1011
tepoxalin, 261, 1002t, 1015t
tetracycline, 561–562
thiamylal, 285
thiopental, 284, 708, 710t
tolfenamic acid, 261
tramadol, 263t, 994, 995t, 1002t, 1015t
urethan, 290
vecuronium, 423t, 428
vedaprofen, 262
xylazine, 212–216, 216t, 585, 709t, 712t, 904,

927, 928, 1015t
yohimbine, 226, 711t

endotracheal intubation, 128, 499–500, 500f
eyeball position, 15
functional residual capacity, 138, 139f
gastric dilation-volvulus, 927–928, 928t
heartworm disease, 111
hypothermia, 294, 714
jaw tone, 16
nerve blocks

brachial plexus, 572–573, 572f, 573f
field block, 564, 565f
infraorbital nerve, 566, 566f
intercostal, 568–569, 568f, 980
for limbs, 574–575
mandibular, 566, 566f, 568
maxillary nerve, 566, 566f, 567f
mental nerve, 566f, 568
needle placement, 566f, 567f
ophthalmic nerve, 566, 566f, 567

NSAID dosage ranges, 259t
opioid agonist-antagonist dosage ranges, 250,

252t
panting from opioids, 900
peripheral nerve stimulator, 429, 429f, 430f
RBC survival time, 191t
in research environment, 768
respiratory alteration during anesthesia, clinical

implications of, 143–144
respiratory values, 122t, 123t
tear production during anesthesia, 944
tilting anesthetized, 21
upper-airway obstruction, 128

Dolorphine. See Methadone
Dolphins, 833–835, 834f, 835t
Dopamine

cardiovascular indications and doses, 542t
catecholamine receptor activation, 975t
drug interactions, 440t
for inotropic support, 981–982
mechanism of action, 100t
perivascular injection, 1041
positive inotropic dose and infusion, 975t
receptors, 100t, 207–208, 207t, 975, 982
renal effects, 917, 918, 982
SIRS (systemic inflammatory-response syndrome),

972t
use in

critical patients, 974–975
horses, 1023

Dopexamine
catecholamine receptor activation, 975t
positive inotropic dose and infusion, 975t

Doppler ultrasound
cardiac output measurement, 546
measurement of arterial blood pressure, 544
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Dorsal antebrachial nerve block, in ruminants, 673,
673t

Dorsal nerve of the penis, desensitizing, 663
Double-burst stimulation, 431–432, 431f
Dove, Telazol use in, 343t
Doxacurium, 420, 424, 427
Doxapram, use in

camels, 795
cattle, 733
llamas, 733
rhinoceros, 828
seals, 837
swine, 754

Drager anesthesia machines, 455f
common gas outlet, 475f
Drager AV (LA), 516t, 525
Drager Narkovet, 461f, 517
Drager SAV (SA), 516t, 517–518, 518f
flowmeters, 460f

Droperidol
hepatic disease, use in patients with, 921
perfusion and pressure effects of, 905t
use in

marsupials, 801
opossums, 801
primates, 799
swine, 752

Drug interactions
anesthetic drugs, 448–449
nomenclature, 448, 448f, 449f
overview, 439
pharmacodynamic, 445–448

NSAIDs, 446–447
opioids, 447–448
overview, 445

pharmacokinetic, 443–445
absorption (systemic availability), 443
drug protein binding, 445
hepatic drug clearance, 444–445, 444t–445t
multidrug resistance efflux pump, 443–444

in vitro
acid-base interactions, 439
chemical incompatibilities, 439–440, 440t–442t,

442
pH changes, 442

in vivo, 442
D-tubocurarine

development of, 420
histamine release, 424
use in birds, 858, 951–952

Ducks, drug usage in
ketamine, 328t
Telazol, 343t–344t

Duiker, drug usage in
fentanyl, 792t
nalorphine, 792t
Telazol, 331t
xylazine, 792t

Duragesic, 248
Dura mater, 158
Dynamic and interactive visual analog scale (DIVAS),

for pain assessment, 43
Dynamic pressure response test, 545, 546f
Dynorphins, 242
Dysesthesia, 32, 38
Dyspnea, defined, 118
Dystocia in mares, 961–962

Eagles, drug usage in
ketamine, 328t
Telazol, 343t

Ear-flick reflex, 16
ECG. See Electrocardiography (ECG)
Echocardiography, 79, 80f
Ectopic discharge, 39
Edema

causes, 92, 93f
cellular, 896
cerebral, 976
microvascular, 980
pulmonary, 938–939, 939t

Edrophonium
acetylcholinesterase activity of, 432–433
use in birds, 858

EEG. See Electroencephalography (EEG)
Effective circulating volume, 258
Effleurage, 698
Elands, drug usage in

acepromazine, 792t
azaperone, 797t
carfentanil, 797t
cyprenorphine, 797t
diprenorphine, 792t
etorphine, 792t
fentanyl, 792t
nalorphine, 792t
naloxone, 797t
Telazol, 331t
xylazine, 792t, 797t

Elasticity of the lung, 120
Elder CPR/Demand Valve, 530, 530f
Electrical mechanical dissociation, 1036
Electroacupuncture, 688–689
Electroanesthesia, anesthetic use, 5
Electrocardiography (ECG)

in birds, 849, 852t, 859
description, 71–73, 72f
in hyperkalemia, 916–917
for monitoring anesthesia in ruminants, 740

Electrodiagnostic techniques, anesthesia for, 908–910
auditory and visual evoked potentials, 909–910
electroencephalogram (EEG), 908–909
electroretinogram, 910
motor evoked potentials, 910
nerve-conduction studies, 909
somatosensory evoked potentials, 910

Electroejaculation, in wild asses, 795
Electroencephalography (EEG)

anesthesia for, 908–909
auditory evoked responses, 537
epidural xylazine effects, 585
inhalation anesthetic effects on, 374–375
monitoring of analgesia, 537, 538
patient evaluation, 166–167
quantitative, 909

Electroimmobilization of fish, 884–885
Electrolytes

anesthesia-associated abnormalities, 1044–1045
balanced solution, 186
conversion of system international units to

conventional units, 194t
defined, 185
distribution across fluid compartments, 186t
disturbances of

calcium, 197
potassium, 197–199
sodium, 196–197

disturbances with neuromuscular blockade, 428
fluid therapy (See Fluid therapy)
normal values, 187t
preoperative balance, 21

Electromyography (EMG), 432
Electronarcosis, anesthetic use, 5
Electrophysiological effects, of local anesthetics,

396–398, 396f
Electrophysiology of the heart, 68–73, 69t, 70f–72f,

71t
Electroretinography (ERG), 910, 952
Electroshock, for immobilization of fish, 884–885
Electrosleep, anesthetic use, 5
Elephants

chemical immobilization, 827
drug usage

acepromazine, 797–798
atropine, 798
azaperone, 798
carfentanil, 797t, 798
cyprenorphine, 797t
diprenorphine, 798, 827
etorphine, 797–798, 799t, 827
isoflurane, 798
ketamine, 324t
medetomidine, 798
meperidine, 797
naloxone, 797t
pentobarbital, 797
xylazine, 798

weight, 827

Elk
chemical immobilization of, 823–824
drug usage

carfentanil, 794
chlorpromazine, 794
etorphine, 799t
gallamine, 794
ketamine, 318t, 788t, 794
medetomidine, 788t
succinylcholine, 794
Telazol, 332t
xylazine, 794, 823–824

hypoxemia in, 824
weight, 823

Eltenac, 261
Emergencies, anesthetic

allergic reactions, 1034t–1035t, 1036
cardiovascular

cardiac arrest, 1036–1039, 1037f, 1037t, 1039f,
1040f

cardiac dysrhythmia, 1036
hemorrhage and fluid loss, 1034–1035

delayed recovery, 1042–1043
electrolyte abnormalities, 1044–1045
epidural-associated, 1044
equipment malfunction, 1041–1042, 1042f
hyperthermia, 1044
hypothermia, 1043
injury during anesthesia, 1044, 1044f
management of complications, 1034t–1035t
nerve block-associated, 1044
perivascular injection, 1039, 1041
reflux of gastric contents, 1043
respiratory insufficiency, 1041

Emesis, from xylazine, 215, 306, 927
EMG (electromyography), 432
EMLA Cream, 768, 768f
Emus, drug usage in. See also Ratites

ketamine, 328t
Telazol, 343t

Enalapril, use in congestive heart failure therapy, 893t
Enalaprilat, use in cardiovascular indications and doses,

542t
Encephalopathy, hepatic, 924, 925
Endocrine disease

diabetes insipidus, 934
diabetes mellitus, 933–934
hyperadrenocorticism (Cushing’s Syndrome), 935
hyperparathyroidism, 934
hyperthyroidism, 936
hypoadrenocorticism (Addison’s Disease), 934–935
hypoglycemia from insulinoma, 934
hypoparathyroidism, 934
hypothyroidism, 936
pheochromocytoma, 935–936

Endogenous opioid peptides, 241, 242
Endomorphin, 242
Endorphin, 20, 38, 242
Endoscope, use for endotracheal intubation, 507–508,

508f–509f
Endotoxemia

impact on physiological status, 1019–1020
ketamine protective effects, 303
treatment of, 1020–1021

Endotoxin
description, 1019
neutralizing, 1020–1021

Endotracheal intubation
airway obstruction, 937–938
anesthetic (lidocaine) use, 498, 499f
changing tubes, 508–509
extubation, 509–510
indications, 495
procedure in

birds, 506, 856–857
camelids, 736t, 737
cat, 500–501, 501f
cattle, 503, 503f
dog, 499–500, 500f
horses, 501–502, 503–504, 504f–505f
laboratory animals, 504
porpoises, 834, 835
primates, nonhuman, 777, 778f
rabbits, 504–506, 505f–506f, 777–778, 777f–778f
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Endotracheal intubation (continued)
ratites, 860
reptiles, 506
rodents, 779, 779f
ruminants, 736–737, 736t
small ruminants, 503
swine, 502–503, 502f, 749–750, 750f, 750t

techniques, special
endoscope use, 507–508, 508f–509f
guide-tube, 506–507, 507f
lateral pharyngotomy, 507
nasotracheal intubation, 503–504, 504f–505f
retrograde intubation, 507, 508f
tracheostomy, 508, 509f

Endotracheal tubes
armored, 497, 498f
characteristics of, 496f
cleaning, 498–499
Cole, 495, 496f, 497f
cuffed, 495–497
for horses, 718
inflation of cuff, 496–497
labels, 496, 497f
Murphy, 495, 496f, 497f
overexpansion, 939
placement, 498, 499, 499f
silicone rubber, 495, 497f, 498f
sizes for ruminants and camelids, 736t
sizes for swine, 750t
tracheostomy, 497–498, 498f
wire-reinforced, 1042, 1042f

End plate potential, 166
End-systolic pressure-volume relationship, 84
End-tidal carbon dioxide (ETCO2), 1013
Enema, preoperative use, 21
Enflurane

chemical structure, 358f
muscle relaxation effects, 428
partition coefficients, 359
physical and chemical properties, 357t
renal system effects, 916t
respiratory system effects, 133f, 142
use in swine, 756, 758

Enkephalins, 20, 242
Enteric nervous system, 164
Enterohepatic circulation, 921
Enucleation, anesthesia for in ruminants, 646,

647f–648f, 648–649
Enzyme

induction, 10–11, 11t
inhibition, 10, 11

Ephedrine
catecholamine receptor activation, 973t, 975t
cesarean section patients, use in, 961
for inotropic support, 981–982
positive inotropic dose and infusion, 975t
use in

horses, 726, 1023
sheep, 669

vasoconstriction dose and infusion, 973t
Epidural analgesia

in cats, 600–602
complications, 1044
in swine, 753

Epidural anesthesia
adverse effects, 579–580
in cats, 599–600, 601f
for cesarean sections, 963t–964t, 964
in chinchillas, 786
continuous, 580–582, 580f
differential epidural blockade, 402–403
in dogs, 575–580, 575f, 577t, 579f, 580f

adverse effects, 579–580, 579f
continuous, 580–582, 580f
drug selection, 576, 577t, 578
needle placement, 575–576, 575f
pharmacokinetics and pharmacodynamics,

578–579
historic use, 3
needle placement, 575–576, 575f

loss-of-resistance test, 576
recovery, 29
in ruminants

anterior epidural, 664, 666–669

caudal epidural, 658–661, 658f, 661f
continuous lumbar segmental, 656–657, 656f
segmental dorsolumbar, 653–656, 654f, 655f

in trauma and critical patients, 979
Epiglottic retroversion, in horses, 939
Epinephrine

added to local anesthetic, 404, 407
arrhythmias from, 563
bupivacaine and, 570–571, 578
cardiovascular effects, 973f
cardiovascular indications and doses, 542t
catecholamine receptor activation, 975t
CPR use of, 1038
drug interactions, 440t
effects of release, 13
electronarcosis effect on secretion, 295f
intraocular pressure, effect on, 945t
lidocaine and, 563, 645, 672
positive inotropic dose and infusion, 975t
rebound with barbiturate anesthesia, 280, 280t
renal system effects, 916
use in horses, 626

Epinephrine fibrillation threshold, 214
Epinephrine reversal, 1010
EPSP (excitatory postsynaptic potential), 276–277
Equids, wild and feral, 795
Equithesin, use in birds, 855
ERG (electroretinography), 910, 952
Ermine, drug usage in

ketamine, 787t
medetomidine, 787t

ERV (expiratory reserve volume), 118, 118f
Esmarch bandage, 574
Esmolol, antiarrhythmic use, 542t, 974
Esophageal foreign body, removal of, 927
Esophagitis, from anticholinergics, 204
Esophagostomy tube placement, 1028
ETCO2 (end-tidal carbon dioxide), 1013
Ether

anesthetic use, 3
atropine use with, 205
muscle relaxation effects, 428
use in laboratory animals, 771

Ethyl alcohol, use in
cattle, 661, 662
horses, 626–627

Ethyl chloride, use in dogs, 562–563
Etidocaine

chemical structure, 399t
development of, 395
duration of action, 400, 401t
epidural use, 577t
metabolism of, 408
plasma protein binding, 401t, 408
properties of, 401t
speed of onset, 398, 401t
toxicity

cardiovascular, 409–410
CNS, 409

use in dogs, 576, 577t
Etodolac

for dental patients, 995t
description, 261
dosage ranges, 259t
use in

cats, 995t, 1015t
dogs, 995t, 1001t, 1015t

Etomidate
actions of, 290–291
adverse effects, 291
cardiovascular disease, use in, 892
cesarean section patients, use in, 960
for diagnostic procedures, 1028t
geriatric animals, use in, 990t
hemodynamic effects, 83t
hepatic disease patients, use in, 922–923
intraocular pressure, effect on, 945t, 949
neonates and geriatric patients, use in, 989
perivascular injection, 1039
pharmacokinetics, 290–291
renal system effects, 916t
respiratory system effects, 900
trauma and critical patients, use in, 978
use in

cats, 219, 710t
dogs, 290, 291, 710t
humans, 290–291
swine, 760

Etorphine
hazards of use, 810
overview, 249
use in

azaperone, 791
bighorn sheep, 793
bison, 799t
bongo, 792t
buffalo, 792t, 827
camels, 799t
caribou, 794
deer, 794, 799t
eland, 792t
elephants, 797–798, 799t, 827
elk, 799t
giraffes, 795, 799t, 827
hartebeest, 792t
hippopotamus, 798
kangaroos, 799t, 800
lions, 789
llamas, 799t
marsupials, 799t, 800, 801t
moose, 824
oryx, 792t
polar bears, 838–839
rhinoceros, 795, 796t, 828
sea otters, 839
tapirs, 799t, 824
wallabies, 799t
waterbuck, 792t
wild asses, 795
wildebeest, 792t
wild horses, 795
wildlife capture, 814
zebras, 799t, 827

Eupnea, defined, 118
European College of Veterinary Anesthesiologists

(ECVA), 4–5
Euthanasia

barbiturate, 287
magnesium sulfate, 290

Evoked responses, quantifying, 432
Excitation-contraction coupling, 73–74, 74f
Excitatory postsynaptic potential (EPSP), 276–277
Excitement/delirium, management of, 1034t
Excretion

local anesthetics, 408
sites of, 8, 9

Exercise, therapeutic, 699, 699f
Exertional myopathy, in wildlife immobilization and

capture, 821–822
acute death syndrome, 822
ataxic-myoglobinuric syndrome, 822
delayed peracute death syndrome, 822
muscle-rupture syndrome, 822, 822f

Exotic animals. See also specific species
chemical immobilization (see Wildlife, chemical

immobilization of)
drug usage

ketamine and ketamine combinations,
317t–327t

Telazol and Telazol combinations, 330t–341t
respiratory function during anesthesia, 146

Expiratory reserve volume (ERV), 118, 118f
Extracellular fluid compartment, 185–186
Extrajunctional receptors, 420
Extubation, tracheal, 509–510
Eyeball position, as indicator of anesthetic depth, 537,

740, 740f
Eyelash reflex, anesthetic effects, 13
Eyelids

anesthesia
in horses, 606, 607f
in ruminants, 646

anesthetic effects on, 15
Eyes

anesthesia
in dogs, 566–567, 567f
in ruminants, 646

anesthetic effects on, 13, 14t, 15, 16f
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Facial nerve, 155, 156f, 156t, 430f
Fahraeus-Lindquist effect, 66
Fallow deer, chemical immobilization of, 824
Fanaloka, Telazol use in, 337t
Farquharson technique, 651
Fasting

of birds, 853–854
patient preparation and, 20–21

Fear, pain response, 40
Feeding, patient preparation and, 20–21
Felids, wild, 789–791, 790t, 791f
Fentanyl

cardiac arrhythmias, 112t
cesarean section, use in, 963t
clinical uses, 248
constant-rate infusion, 713t
dosage ranges, 245t
drug interactions, 441t
epidural use, 582–583, 583t, 602
hepatic disease patients, use in, 922
milk, levels in, 965
orthopedic patients, use in

intraoperative, 1012
postoperative, 1014

overview, 247–248
patch, 248, 751, 759, 1014, 1024
perfusion and pressure effects of, 905t
side effects, 112t, 248
transdermal patches, 248
trauma and critical patients, use in, 978
use in

antelope, 792t
birds, 856
bongo, 792t
caribou, 794
cats, 602, 713t, 1003t, 1015t
chinchillas, 786
deer, 794
dogs, 583t, 713t, 828, 1001t, 1015t
duiker, 792t
eland, 792t
gazelle, 792t
gerbils, 775t
guinea pigs, 775t
hamsters, 775t
horses, 633, 1024
impala, 792t
marsupials, 801
mice, 775t
opossums, 801
oryx, 792t
polar bears, 838–839
primates, 799
rabbits, 775t
rats, 775t
rhinoceros, 796t
sea otters, 839
swine, 751, 757t, 759
trauma and critical patients, 979
waterbuck, 792t

woody chest syndrome from, 759
Ferrets, drug usage in

acepromazine, 788
Althesin, 788
atropine, 788
ketamine, 322t, 787t, 788
medetomidine, 787t, 788
midazolam, 230
Telazol, 337t, 788
xylazine, 788

Fetal blood flow, 958, 958f
Fetal surgery, in laboratory animals, 782, 783
Fetlock block, 612, 612f
Fever

COX system, role of, 255
NSAIDs as antipyretics, 255–256

Fibrin degradation products, 554
Fick’s law of diffusion, 91
Field block, in dogs, 564, 565f
Fight-or-flight response, 163
Filtration, capillary, 91
Firocoxib

description, 261
dosage ranges, 259t

Fish anesthesia
anatomy and physiology, 881
anesthesia

anesthetic levels and monitoring, 882
injectable agents, 883–884, 885t
perioperative considerations, 882
protocols, 881–882
stages, 883t
waterborne agents, 882–883, 884t, 885t

drug usage
metomidate, 290
urethan, 290

nonchemical methods of immobilizing fish, 884–885
Fisher, ketamine use in, 322t
Five freedoms, 998
Flamingo, Telazol use in, 343t
Flowmeter

accuracy, 461–462
calibration, 459
controls, 460–461
description, 459
examples

Drager, 460f, 461f
Matrx Spartan VMC, 461f
Vetaflex 5, 460f

gas flow through, 459, 459f
indicators, 459–460

Fluanuisone, use in
rabbits, 775t
rodents, 775t

Fluid loss, management of, 1034, 1035t
Fluid therapy

assessment, 195
colloid preparations

description, 190
dextran solutions, 192
hydroxyethyl starch, 192–193
pentastarch, 193
plasma, 190
whole blood, 190–192, 191t

conversion of system international units to
conventional units, 194t

crystalloid preparations
alkalinizing agents, 189–190

sodium bicarbonate, 189
tromethamine (THAM), 189–190

description, 186
dextrose, 189
hypertonic saline, 188
hypotonic saline, 188
isotonic saline, 188
maintenance solutions, 186–187
replacement solutions, 187

electrolyte disturbances
calcium, 197
potassium, 197–199
sodium, 196–197

fluid administration, 194–195
for hemorrhagic shock, 971
intraoperative considerations, 195–196
for orthopedic patients, 1013
preoperative considerations, 21, 193–194
for trauma and critical patients, 980–981
use in

dogs and cats, 707–708
horses, 726
ruminants, 738

Flumazenil
chemical structure, 228f
clinical uses, 231
for diagnostic procedures, 1028t
hepatic disease patients, use in, 923, 925
midazolam antagonism, 923
overview, 230
pharmacokinetics and pharmacodynamics, 230–231
portocaval shunt, use in, 925
trauma and critical patients, use in, 979
use in

cats, 711t, 923
dogs, 711t, 925
manatees, 838
swine, 752, 755

Flunixin meglumine
description, 261

dosage ranges, 259t
use in

camelids, 742
cattle, 742
goats, 650
horses, 722, 723t, 929
rodents and rabbits, 767t

Fluoride, 11
Fluoride-induced nephrotoxicity, 379–380
Fluoroxene, carcinogenecity of, 12
Fluotec Mark 2 vaporizer

output and flow rates, 470t
overview, 470
performance diagram, 471f

Fluotec Mark 3 vaporizer
filler system, 465f
outlet hose, 475f
wicks, 467f

Flurazepam, use in swine, 752
Flush valves, anesthesia, 462, 462f
Food and Drug Administration “Anesthesia Apparatus

Checkout Recommendations,” 488, 489
Foot anesthesia, in dogs, 571–575
Foxes, drug usage in

ketamine, 319t, 787t
medetomidine, 787t
Telazol, 332t–333t

Fraction of inspired oxygen (FiO2), 901
Frank-Starling relationship, 76, 79
Frase Harlake small animal anesthesia machine, 476f
Free-water abnormalities, 179, 179t
Frequency-dependent block, 397
Frogs. See Amphibians
Functional magnetic resonance imaging (fMRI), 167
Functional residual capacity (FRC), 118, 118f, 123t,

138–139, 139f, 140, 140f, 141f, 956
Furosemide

congestive heart failure therapy, 893t
drug interactions, 441t
perioperative use, 918
SIRS (systemic inflammatory-response syndrome),

972t
Fur seals, 836

GABA
mechanism of action, 100t
receptors, 100t, 227–228, 227f, 276

Gabapentin
analgesic use, 263, 263t
use in

cats, 1015t
dogs, 1001t, 1006, 1015t

Gag reflex, as indicator of anesthetic depth, 537
Gallamine

development of, 420
metabolism and excretion, 427
use in elk, 794

Ganglion blocks
in dogs, 587
in horses

cervicothoracic, 634–635, 635f–637f
paravertebral/lumbar sympathetic, 636, 638f

Gas
anesthesia machines, supply to, 454–458, 454f–457f
partial pressure, 358
solubility of, 362–364

Gas cylinders, 453–458, 454f–457f
Gas exchange

in conscious animals, 118–126
variables, in birds, 851t

Gas laws, 358
Gastric dilation-volvulus, 927–928, 928t
Gastric distension, from xylazine, 215
Gastric reflux, from acepromazine, 209
Gastroesophageal reflux (GER)

during anesthesia, 1043
from anticholinergics, 204
from xylazine, 215

Gastrointestinal system
anesthetic effects, 14t
disease

abdominal distress in horses, 928–930
displaced abomasum, 930
esophageal foreign body, 927
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Gastrointestinal system (continued)
gastric dilation-volvulus, 927–928, 928t
oral disease, 927
pancreatic disease, 930–931
pharyngeal disease, 927

drug effects
NSAIDs, 447
opioids, 244
xylazine, 215

intestinal motility
acepromazine effect on, 209
detomidine effect on, 224
ileus in horses, 693, 1022
reduction with anticholinergics, 204, 205, 206

pregnancy, alterations in, 956–957
Gate control theory, 38
Gazelles, drug usage in

fentanyl, 792t
ketamine, 791
nalorphine, 792t
Telazol, 331t–332t
xylazine, 791, 792t

Geese, drug usage in
ketamine, 328t
Telazol, 343t

Gemsbok, drug usage in
azaperone, 797t
carfentanil, 797t
cyprenorphine, 797t
naloxone, 797t
xylazine, 797t

General anesthesia
assessment of actions

overview, 12
stages of anesthesia, 12–15, 14t

blood-brain barrier, crossing, 8
for cesarean section, 961–962
contraindications

heart disease, 21, 22
mortality, 23–24, 24t
renal failure, 22

defined, 5, 534
historic use, 3–4
insurance claims, 23–24, 24t, 25, 28t
monitoring, 25, 26f, 27t
operative risk, factors that determine, 23
for orthopedic procedures, 1011–1012
patient preparation, 20–22
pharmacology

biological variation, 7
cellular effects, 12
pharmacogenetic differences, 7–8
pharmacokinetics, 8–9, 8t, 9f, 9t

factors modifying, 9–12, 11t
teratogenicity, 12

preanesthetic evaluation, 17–20
record keeping, 23–25, 26f
recovery

for large animals, 28–29
signs, 16–17
for small animals, 27–28

selection of anesthetic, 22–23
signs of

anal reflex, 16
circulation, 15
digital (pedal) reflex, 16
ear reflexes, 16
jaw tone, 16
muscle tone, 16
ocular, 15, 16f
pharyngeal reflex, 15
pinch response, 16
respiration, 15
upper-airway reflex, 15

Genet, Telazol use in, 337t
Genitourinary system, effect of opioids on, 244
Gentamicin, neuromuscular actions of, 429
GER. See Gastroesophageal reflux (GER)
Gerbils. See also Rodents

drug usage
analgesics, 767t
anesthetics, 775t
preanesthetics, 767t
Telazol, 338t

fluid administration volume, 781t
handling and restraint, 769
physiological data, 766t

Geriatric patients
anesthesia

drugs, commonly used, 990t
induction, 989
maintenance, 989
premedication and pain management, 988–989
preparation for, 988
protocols, summary of, 990
support, 989–990

physiology, 986–988, 987t
GFR. See Glomerular filtration rate (GFR)
Gharial, physical restraint, 872
Giant panda, 789
Giraffes

chemical immobilization, 827
drug usage

acepromazine, 795
atipamezole, 827
azaperone, 797t, 827
carfentanil, 795, 797t
cyprenorphine, 797t
diprenorphine, 795, 827
etorphine, 795, 799t, 827
ketamine, 795, 827
medetomidine, 827
naloxone, 797t
xylazine, 795, 797t
yohimbine, 795

weight, 827
Glasgow composite pain scale, 43, 44f
Glasgow University Health-Related Dog Behavior

Questionnaire, 45
Glaucoma

atropine use in, 205
treatment of, 947–948

Gliders, 800–801
Glomerular filtration rate (GFR)

anesthetic effects on, 915, 916, 916t
control of, 915
measuring, 918
in neonates, 985

Glossopharyngeal nerve, 156, 156f, 156t
Glucocorticoids

for cerebral edema, 904
COX2, effects on, 255
deficiency, 934–935
epidural use, 586
in stress response, 20
use in dogs, 586

Glucosamine, use in
cats, 1003t, 1015t
dogs, 1001t, 1015t

Glucose
hyperglycemia

dextrose administration and, 904
perioperative, 554
from xylazine, 215, 732

hypoglycemia
anesthetic recovery, delayed, 714
from insulinoma, 934
management of, 1035t
perioperative, 554

metabolism, hepatic disease effect on, 924
monitoring in anesthetized patients, 554
normal values for species, 187t
SIRS (systemic inflammatory-response syndrome),

972t
Glucose effect, 280, 280t
Glutamate

mechanism of action, 100t
receptors, 100t

Glutathione, 11
Glycerol guiacolate, perivascular injection, 1039
Glycopyrrolate

atropine compared, 204t
cardiac arrhythmias, 112t
cesarean section patients, use in, 958–959
chemical structure, 205f, 206
clinical uses, 207
CPR use of, 1038
drug interactions, 441t

intraocular pressure, effect on, 949
for oculocardiac reflex prevention, 947
overview, 206
pharmacokinetics and pharmacodynamics, 206,

206f
premedication use in orthopedic patients, 1010
respiratory system effects, 899
use in

camelids, 732
cats, 207
dogs, 206–207
geriatric animals, 990t
horses, 206–207
rodents and rabbits, 767t
swine, 751–752

Gnus, Telazol use in, 330t, 332t
Goats

anesthesia
anterior epidural, 667
anterior subarachnoid, 668–669, 668f
caudal epidural, 659
horn, 650, 650f
paravertebral thoracolumbar, 652

blood-gas and acid-base values, 123t
blood groups, 191t
blood pressure, 740–741
breathing rate, 740
cesarean section, 963t
doses of analgesics for use in, 53t
drug usage

acepromazine, 732
bupivacaine, 650
butorphanol, 733
diazepam, 733
flunixin meglumine, 650
ketamine, 313t, 317t, 668–669, 734, 788t
lidocaine, 650, 651, 659, 668
medetomidine, 788t
mepivacaine, 650
midazolam, 733
pentobarbital, 282
prilocaine, 650
procaine, 650
romifidine, 668
Telazol, 330t
xylazine, 216t, 668, 732

endotracheal intubation, 503
heart rate, 739
RBC survival time, 191t
respiratory alteration during anesthesia, clinical

implications of, 144
respiratory values, 122t, 123t

Golden cat, drug usage in
ketamine, 787t
medetomidine, 787t

Goldman-Hodgkin-Katz constant-field equation,
68–69

Gopher snake, ketamine use in, 325t
G-protein-coupled receptor, 100, 102t
G proteins, 242
Greater kudu, Telazol use in, 332t
Guaifenesin

cardiovascular effects, 433
cesarean section patients, use in, 961, 962
combined use with

ketamine, 433
thiopental, 433
xylazine, 433

hemolysis from, 735
hepatic disease patients, use in, 924
mechanism of action, 433
physical properties, 433
recovery, 433
use in

buffalo, 793
camels, 795
cattle, 735
horses, 723–725, 723t, 724f, 907, 927, 929,

1021
ruminants, 735
sheep, 735
swine, 751, 756

Guaifenesin-ketamine-xylazine (triple drip), use in
swine, 751, 756, 757t
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Guanaco, drug usage in
ketamine, 787t
medetomidine, 787t

Guide-tube technique, for endotracheal intubation,
506–507, 507f

Guinea pigs. See also Rodents
drug usage

analgesics, 767t
anesthetics, 775t
preanesthetics, 767t
Telazol, 338t

ear-pinch response, 16
fluid administration volume, 781t
handling and restraint, 769, 771f
physiological data, 766t

[H+]
in acid-base disturbances, 174t, 175
buffering systems and, 171–174, 171f
pH, relationship to, 170, 170f

Hagen-Poiseuille law, 121
Haldane effect, 128, 172
Hallowell EMC Model 2000 Small Animal Veterinary

Anesthesia Ventilator, 516t, 518–520, 518f–519f
Hall technique, 651
Halothane

apneic index, 376t
cardiac arrhythmias, 112t
cardiopulmonary effects, 540t
cesarean section, use in, 962
chemical structure, 358f
combined use with

acepromazine, 208–209
diazepam, 229
medetomidine, 218
xylazine, 214f

electroretinography, effect on, 952
exposure limits, 486
hepatic blood flow, effect on, 921, 922t
hepatic disease, use in patients with, 923
isoflurane-specific vaporizers, use in, 475
malignant hyperthermia, 380
minimum alveolar concentration (MAC), 371t–372t,

373f
muscle relaxation effects, 428
for ocular patients, 948
partition coefficients, 359
perfusion and pressure effects of, 905t
physical and chemical properties, 357t
portocaval shunt, use in, 925
renal system effects, 916t
respiratory system effects, 132, 133f, 142, 900
use in

birds, 857–858
camels, 795
cats, 713t
cetaceans, 834
chinchillas, 786
dogs, 713t
horses, 725, 929
laboratory animals, 771
marsupials, 801t
obese animals, 931
rats, 909
sea lions, 836
swine, 756, 758

vaporizer settings for dogs and cats, 713t
Hamsters. See also Rodents

drug usage
analgesics, 767t
anesthetics, 775t
preanesthetics, 767t
Telazol, 338t

fluid administration volume, 781t
handling and restraint, 769, 770f
physiological data, 766t

Hanging-drop technique, 569, 654
Hartebeest, drug usage in

acepromazine, 792t
azaperone, 797t
carfentanil, 797t
cyprenorphine, 797t
diprenorphine, 792t
etorphine, 792t

naloxone, 797t
xylazine, 792t, 797t

Hawks, drug usage in
ketamine, 328t
Telazol, 343t

HCO3–. See Bicarbonate
Head, regional anesthesia of

in cats, 596, 596f
in dogs

eye and orbit, 566–567, 567f
lower lip, 568
mandible and lower teeth, 568
needle placement, 566f, 567f
overview, 566

in horses, 606–608
eyelids, 606, 606f, 607f
lower lip, 606f, 607f, 608
lower teeth, 606f, 608
needle placement, 606f, 607f
orbicularis oculi muscles, 606f, 607
upper lip and nose, 606f, 607–608, 607f
upper teeth and maxilla, 606f, 608

in ruminants, 646–650
for enucleation, 646, 647f–648f, 648–649
eye, 646
eyelids, 646, 647f
horn, 647f, 649–650, 650f

Head trauma, 975–976
Heart

anatomy, functional, 61–62, 63f
disease

acquired, 107
arrhythmias, 110–111, 111t, 112t, 897
backward failure, 107–108
cardiac output impairment, 891–892
cardiomyopathy, 109, 892, 894–895
causes, 109
chronic and acute failure, 107
congenital heart disease, 107, 895
congestive heart failure, 892, 893t–894t, 894
forward failure, 107
heartworm disease, 111, 897
low output and high output, 108
pericardial tamponade, 892
pericarditis, 892
phases, 108
receptors and signaling systems, 109t
reflex adjustments to failure, 108f
systolic and diastolic dysfunction, 107
valvular heart disease, 892

metabolism, 86, 87f
perfusion, 8t

Heart function
cardiac cycle, 77–79, 78f
contraction, 74–77, 75f–76f
electrophysiology, 68–73, 69t, 70f–72f, 71t
excitation-contraction coupling, 73–74, 74f
hemodynamic indices, 82t
performance and output, determinants of

afterload, 79–81
inotrophy, 81–82
lusitropy, 82–83
preload, 79, 81f

pressure-volume loop, 77–79, 78f, 82f
relaxation, 77
ventricular-vascular coupling

overview, 83
vascular function curve, 83–84, 85f
ventricular-arterial coupling, 84, 86, 86f

Heart rate, monitoring in anesthetized patient, 539–540,
540t

Heat therapy, 698
Hedgehog, drug usage in

buprenorphine, 801
butorphanol, 801
isoflurane, 801
ketamine, 787t, 801
medetomidine, 787t
sevoflurane, 801
Telazol, 338t, 801
xylazine, 801

Heinz bodies, from propofol use in cats, 292
Hematocrit

description, 187t, 193–194

optimum, 66
oxygen transport, effect on, 67f

Hemodilution, 65, 66, 68, 196
Hemoglobin

encapsulation within RBCs, consequences of, 65
fetal, 127, 551
laboratory monitoring, 553
methemoglobin, 411–412, 549–551
normal values, 187t
oxyhemoglobin-dissociation curve, 64f, 125f, 550f,

551t
saturation, 65, 123–124, 125f, 126–127, 549–551
structure, 64

Hemoglobin-oxygen saturation (SO2), 550, 551, 552t
Hemolysis, from guaifenesin solutions, 735
Hemorrhage, management of, 1034–1036
Hemorrhagic shock, 970–973
Hemorrheology. See Blood flow
Henderson-Hasselbalch equation, 170–171
Henry’s law, 363
Heparin, 441t, 972t
Heparin-activated plasma, 972t
Hepatic system

biotransformation of drugs, 8, 12
blood flow, 921, 922t
disease

biotransformation and, 12
guidelines for patients, 924–925, 924t
hepatic encephalopathy, 924, 925
hepatic insufficiency, 921
pharmacological considerations for drug use

dissociative anesthetics, 923
etomidate, 922–923
inhalation anesthetics, 923
muscle relaxants, 923–924
opioids, 922
propofol, 922
thiobarbiturates, 922
tranquilizers and sedatives, 921–922

portosystemic shunt, 925, 925t
dissociative anesthetic effects on, 303
drug clearance, interactions that affect, 444–445,

444t–445t
in geriatric animals, 987, 987t
hepatocellular disease and biotransformation, 12
inhalation anesthetic effects, 380
in neonatal animals, 986t
perfusion, 8t
pregnancy, alterations in, 957

Hering-Breuer reflex, 98t
Herons, drug usage in

ketamine, 328t
Telazol, 343t

Herptiles. See Amphibians; Reptiles
Hetastarch, 192–193, 971, 972t
Heteroceptors, 203, 210, 216
Hexafluoroisopropanol, 11
Hexethal, duration of action, 275t
Hexobarbital

duration of action, 275t
historical and clinical data on, 276t

Hexylcaine, use in
horses, 623
ruminants, 644t

High palmar (plantar) nerve block, 609, 609f
High-pressure baroreceptor reflex, 98t
High suspensory block, 609f, 610
Hippopotamus, drug usage in

diprenorphine, 798
etorphine, 798
naltrexone, 798
phencyclidine, 798
xylazine, 798

Histamine release
d-tubocurarine and, 424, 425
neuromuscular blocking agents and, 425

History, preanesthetic evaluation, 17, 18
Hobday, Sir Frederic, 294
HOD (hypertrophic osteodystrophy), NSAIDs for, 258
Hofmann elimination, 424, 924
Homeometric autoregulation, 81
Homeostasis, acid-base balance, 169
Hormones, effect on anesthetic response, 7
Horn, anesthesia of, 649–650, 650f
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Hornbill, Telazol use in, 343t
Horner’s syndrome, after epidural anesthesia, 579, 579f
Horses

acupuncture, 689–690, 692f, 693
acute abdominal distress, 928–930
airway obstruction, 939
analgesia, 722–723, 723t

abaxial nerve block with ketamine, 637
doses of analgesics, 52t
epidural opioid

alfentanil, 632–633
butorphanol, 630, 633
drug combinations, 633–634
meperidine, 632, 633f
metadone, 630, 632
morphine, 630, 632f, 633
tramadol, 632, 633–634

intra-articular morphine, 636–637
local, therapeutic, 634–636

cervicothoracic (stellate) ganglion block,
634–635, 635f–637f

lidocaine patch, 637
paravertebral lumbar sympathetic ganglion

block, 636, 638f
anal tone, 16
anesthesia

for castration, 634, 634f, 635f
caudal epidural

agents, 620–627
continuous, 627, 627f
overview, 620, 621t, 622f–625f

choice of local anesthetic, 606
epidural

caudal, 620–627, 621t, 622f–625f, 627, 627f
segmental dorsolumbar, 618, 618f

inhalation, 725
intra-articular injections, 610–616

agents used, 610, 636–637
bicipital bursa block, 613, 614f
carpal block, 612, 613f
coffin block, 612, 612f
coxofemoral block, 616, 616f
cubital (elbow) block, 612, 614f
cunean bursa block, 614, 614f, 615f
digital flexor tendon sheath block, 612, 612f
fetlock block, 612, 612f
olecranon bursa block, 612–613, 614f
pastern block, 612, 612f
podotrochlear (navicular) bursa block, 611–612,

612f
shoulder block, 613, 614f
stifle block, 615–616, 616f
tarsal block, 614, 614f, 615f
tibiotarsal block, 614–615, 614f
trochanteric bursa block, 616, 616f

intravenous, 723–725, 723t, 724f
for laparotomy

infiltration anesthesia, 617
paravertebral thoracolumbar anesthesia, 617,

617f, 618f
segmental dorsolumbar epidural anesthetics,

618, 618f
segmental thoracolumbar subarachnoid

anesthesia, 618–620, 619f
of limbs

intra-articular injections, 610–616, 611f–616f
regional, 608–610, 609f, 610f

monitoring, 725–726
nerve blocks

abaxial/basilar sesamoidan, 609, 609f, 637
anterior/dorsal digital nerve, 609, 609f
auriculopalpebral nerve, 606, 606f, 607, 607f
head, 606–608, 606f, 607f
high palmar/plantar, 609, 609f
high suspensory, 609f, 610
infraorbital nerve, 606f, 607–608
infratrochlear nerve, 606, 607f
lacrimal nerve, 606, 607f
of limbs, 608–610, 609f, 610f
mandibular alveolar nerve, 606f, 608
median nerve, 610, 611f
mental nerve, 606f, 607f, 608
musculocutaneous nerve, 610, 611f
palmar/plantar digital nerve, 608, 609f

paravertebral, 617, 617f, 618f
peroneal nerve, 610, 611f
saphenous nerve, 610, 611f
supraorbital (frontal) nerve, 606, 606f, 607f
tibial nerve, 610, 611f
ulnar nerve, 610, 611f
zygomatic nerve, 606, 607f

recovery, 726–727, 727f
regional of the head, 606–608

eyelids, 606, 606f, 607f
lower lip, 606f, 607f, 608
lower teeth, 606f, 608
needle placement, 606f, 607f
orbicularis oculi muscles, 606f, 607
upper lip and nose, 606f, 607–608, 607f
upper teeth and maxilla, 606f, 608

subarachnoid
continuous caudal, 627–630, 629f, 630f
segmental thoracolumbar, 618–620, 619f

supportive care, 726
anesthetic equipment for, 718–719, 718f, 719f
anesthetic risk, 1033–1034
blood chemistry and tematologic normal values, 187t
blood-gas and acid-base values, 123t
blood groups, 191t
cardiac output, 547
cardiopulmonary effects of general anesthesia in,

540t
cesarean section, 961–962, 963t
colic, 1019–1024

anesthesia, preparation for, 1020–1021
anesthetic protocols, 1021–1023
cardiovascular performance during anesthesia,

1023–1024
endotoxemia, impact on physiological status,

1019–1020
hypoventilation and hypoxemia during anesthesia,

1023
recovery from anesthesia, 1024

drug delivery methods, 717–718
drug usage

acepromazine, 208–210, 720–721, 720t, 727
alfentanil, 632–633
Althesin, 288
atipamezole, 623, 629
atracurium, 423t, 927
atropine, 930
benztropine mesylate, 720
bupivacaine, 622–623
butorphanol, 250–251, 250t, 630, 633, 720t,

721–722, 1021–1022, 1024
carbocaine, 619f, 623f, 628
carprofen, 260, 723t
chloral hydrate, 289, 290f, 720
dantrolene, 726
detomidine, 222–224, 223f, 624, 624f, 625f, 626,

629, 631f, 720t, 721, 927, 929, 1021
diazepam, 229, 723–724, 723t, 727, 907, 908, 919,

1021
diclofenac, 258, 262, 722
dobutamine, 726, 929, 1023
dopamine, 1023
eltenac, 261
ephedrine, 726, 1023
epinephrine, 626
ethyl alcohol, 626–627
fentanyl, 633, 1024
flunixin, 261, 722, 723t, 929
glycopyrrolate, 206–207
guaifenesin, 433, 723–725, 723t, 724f, 907, 927,

929, 1021
halothane, 359t, 725, 929
hexylcaine, 623
isoflurane, 725, 929, 1021–1022
ketamine, 302, 306, 308–309, 309t–310t,

618–619, 626, 637, 723–725, 723t, 919, 929,
1021

ketoprofen, 261, 723t
lidocaine, 606, 612, 617–618, 620, 624, 633, 637f,

1022
meclofenamic acid, 723t
medetomidine, 218, 626
meperidine, 632, 633f
mepivacaine, 606, 610, 618, 622, 628–629

methadone, 630, 632
methohexital, 283–284, 283t
morphine, 246, 630, 632f, 633, 636–637, 720t,

721–722, 1022
naproxen, 723t
opioids, 245t, 929
pancuronium, 423t, 425
pentobarbital, 282, 908
phenylbutazone, 261, 722, 723t, 907
phenylephrine, 726
phenytoin, 908
pipercuronium, 423t
polymyxin B, 1020–1021
procaine, 623
propofol, 292
quinidine, 1023
romifidine, 224–225, 626, 633, 721, 1021
ropivacaine, 606, 622, 629
sevoflurane, 725, 1022
succinylcholine, 423t
Telazol, 311t, 338t, 633, 723t, 724
thiopental, 284–285, 285t, 723t, 724–725, 907
tiletamine, 633
tolazoline, 225
tramadol, 632, 633–634
vecuronium, 423t
xylazine, 212–217, 213f, 214f, 216t, 623–624,

626, 720t, 721–726, 904, 906–908, 919, 927,
929, 1021, 1024

yohimbine, 623, 629
zolazepam, 633, 724

dystocia in, 961–962
endotracheal intubation, 129, 501–502
functional residual capacity, 138, 139f, 140, 140f,

141f, 142
hypoxic pulmonary vasoconstriction, 139–140
ileus in, 693, 1022
lacrimation in, 15
local anesthetic toxicity, 409
nasotracheal intubation, 503–504, 504f–505f
NSAID dosage ranges, 260t
nystagmus in, 13, 15, 29
opioid agonist-antagonist dosage ranges, 250,

252t
patient preparation, 719–720
peripheral nerve stimulator, 429, 430f
physical restraint, 717
RBC survival time, 191t
recovery, 28–29
recumbency, effect of, 140, 140f, 141–142, 141f,

142f
respiratory alteration during anesthesia, clinical

implications of, 144–146, 145f
respiratory values, 122t, 123t
rumen distension, 20
standing chemical restraint

acepromazine/xylazine combination, 721
�2-agonists, 720t, 721
opioids, 720t, 721
phenothiazine tranquilizers, 720–721, 720t
sedative/tranquilizer-opioid combinations, 722

stomach rupture, 20–21
tear production during anesthesia, 944
upper-airway obstruction, 129
urethral obstruction, 918
wildlife, 787t, 795
wobbler syndrome, 906–907

Hounds, barbiturate effects on, 10
5HT

mechanism of action, 100t
receptors, 100t

Hudson Demand Valve, 529, 529f
Hyaluronidase, 404, 646, 794, 797, 827, 828
Hydralazine

cardiovascular indications and doses, 542t
congestive heart failure therapy, 893t

Hydrochlorothiazide, use in congestive heart failure
therapy, 894t

Hydrocodone, 245t, 249
Hydromorphone

acepromazine use with, 209
cardiac arrhythmias, 112t
description, 247
for diagnostic procedures, 1028t
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dosage ranges, 245t
drug interactions, 441t
geriatric animals, use in, 990t
orthopedic patients, use in

intraoperative, 1012
postoperative, 1014
premedication, 1010

respiratory system effects, 900
trauma and critical patients, use in, 978, 979
use in

cats, 709t, 1015t
dogs, 709t, 927, 928, 1015t
sheep, 667–668

Hydroxyethyl starch, 192–193
Hyenas

chemical immobilization, 828
drug usage

atipamezole, 828
ketamine, 324t, 828
medetomidine, 828
Telazol, 338t, 828
xylazine, 828
yohimbine, 828

weight, 828
Hyperadrenocorticism (Cushing’s Syndrome), 935
Hyperalgesia

defined, 19, 32
neuropathic pain, 38
primary, 36

Hypercalcemia, 197
Hypercapnia

causes of, 549t
defined, 125

Hypercarbia
anesthetic recovery, delayed, 714
effect on blood-barrier permeation, 10
electroencephalography, effect on, 166
hepatic hypoperfusion and, 921
from xylazine, 732

Hyperemia, reactive, 106
Hyperesthesia, defined, 32
Hyperglycemia

dextrose administration and, 904
perioperative, 554
from xylazine, 215, 732

Hyperkalemia
anesthesia-associated, 1044
description, 198–199, 554–555
in horses, 726
in hypoadrenocorticism, 934–935
management of, 1035t
in renal insufficiency, 917
succinylcholine and, 426
in urethral obstruction, 918
in urinary bladder rupture, 918–919

Hyperkalemic periodic paralysis (HPP), 1044
Hypernatremia, 197
Hyperparathyroidism, 934
Hyperpnea, defined, 118
Hyperpyrexia, management of, 1035t
Hypertension

in hyperadrenocorticism, 935
from xylazine, 214

Hyperthermia
anesthetic emergency, 1043
in anesthetized patient, 553
from electronarcosis, 294
local, 698
malignant, 553, 761–762, 1043
in wildlife capture, 819, 820–821, 821f

Hyperthyroidism, 12, 936
Hypertonic saline, 188, 971, 972t, 981, 1023
Hypertonic solutions, description, 186
Hypertrophic cardiomyopathy, 892, 894–895
Hypertrophic osteodystrophy (HOD), NSAIDs for, 258
Hyperventilation, 125, 902, 904
Hypnosis

defined, 5, 13
physiological, 296

Hypnotics, for cesarean section patients, 959–960
Hypoadrenocorticism (Addison’s Disease), 934–935
Hypoalbuminemia

in liver disease, 924
in neonates, 985

in postocaval shunt, 925, 925t
Hypoalgesia, defined, 32
Hypocalcemia, 197, 555
Hypocapnia, 125, 549t
Hypocarbia, effect on blood-barrier permeation, 10
Hypoesthesia, defined, 32
Hypoglossal nerve, 155, 156f, 156t
Hypoglycemia

anesthetic recovery, delayed, 714
from insulinoma, 934
management of, 1035t
perioperative, 554

Hypoinsulinemia, from xylazine, 215, 732
Hypokalemia

anesthesia-associated abnormalities, 1044–1045
description, 198, 554–555
in displaced abomasum, 930
in gastric dilation-volvulus, 927–928
in postocaval shunt, 925

Hypomagnesemia, description, 555
Hyponatremia, 196–197
Hyponorm, use in rodents and rabbits, 767t
Hypoparathyroidism, 934
Hypopnea, defined, 118
Hypoproteinemia, effect on anesthesia, 896–897
Hypotension. See also Shock

anesthetic recovery, delayed, 714
Bezold-Jarisch reflex, 97
causes, 546, 547t

from acepromazine, 209
local anesthetics, 409, 410
opioids, 244
phenothiazines, 203

electroencephalography, effect on, 166
management of, 1035t

Hypothalamus, 34, 40, 154, 162
Hypothermia

adverse effects, 294
during anesthesia, 552
anesthetic emergency, 1043
anesthetic requirements, decrease in, 292–293, 293f
as anesthetic technique in rodents, 782
anesthetic use and, 5
cardioplegic solution use with, 294
cardiovascular system effects, 293–294
causes

�2–agonists, 210
opioids, 243

cryotherapy, 697–698
in dogs and cats, 714
electroencephalography, effect on, 166
in fish, 884
indications for use, 294
induction in dogs, 294
in laboratory animals, 779
local, 697–698
management of, 1035t
muscle relaxant, effects on, 428
in neonatal animals, 986
physiological effects of, 292, 293f
rewarming

passive rewarming, 552
surface, 552

shivering, control of, 292
in trauma and critical patients, 982
whole-body cooling

body cavity cooling, 293
extracorporeal cooling, 293
surface cooling, 293

in wildlife immobilization and capture, 821
Hypothyroidism, 12, 936
Hypotonic saline, 188
Hypotonic solutions, description, 186
Hypoventilation

colic surgery in horses, 1023
description, 125, 902
management of, 1034t
obesity and, 931
wildlife capture and, 822

Hypovolemia. See also Shock
preoperative correction of, 21
treatment of, 972t

Hypovolemic shock, 895
Hypoxemia

causes of, 549t
colic surgery in horses, 1023
defined, 126, 548
management of, 1034t
Pickwickian syndrome, 931
recumbency and, 138, 139–140
with thoracic trauma, 976
wildlife capture and, 808, 818–819, 821f, 822, 823f
from xylazine, 134, 732

Hypoxia
airway obstruction, 939
defined, 126
diffusion, 382
toxicity enhanced by, 11

Hypoxic pulmonary vasoconstriction, 139–140

Ibex, drug usage in
ketamine, 317t, 787t
medetomidine, 787t

IC (inspiratory capacity), 118, 118f
ICP. See Intracranial pressure (ICP)
Idazoxan, use in

bighorn sheep, 793
cattle, 733
sheep, 733

Iguana, Telazol use in, 342t
Ileus in horses, 693, 1022
Immobility reflex, 296
Immobilization

chemical immobilization of wildlife, 807–828
electroimmobilization, 295–296

Immobilon LA, 792t, 797
Immune system

anesthetic effects on, 12
pain effects on, 20

Impalas, drug usage in
azaperone, 797t
carfentanil, 797t
cyprenorphine, 797t
fentanyl, 792t
nalorphine, 792t
naloxone, 797t
Telazol, 332t
xylazine, 792t, 797t

Impedance, blood flow and, 66–67, 67f
Indocyanine green (ICG), liver disease and, 921
Induction of anesthesia

in birds, 856
in cats, 712
in dogs, 712
in neonates and geriatric patients, 989
in ratites, 860, 860t–861t
in swine, 751, 757t
in trauma and critical patients, 977–979
in wildlife, 818

Inferior alveolar (mandibular) nerve block in cats, 596,
596f

Infiltration anesthesia
in cats, 595–596
for cesarean sections, 964–965
in dogs, 563–566

continuous-infiltration, 563–564, 564f, 565f
field block, 564, 565f
intraperitoneal infusion, 564, 566

in horses, 617
in ruminants, 651, 651f

Inflammation
NSAIDs for, 257
prostaglandins and, 254–255

Infraorbital nerve block
in cats, 596, 596f
in cattle, 647f, 649
in dogs, 566, 566f
in horses, 606f, 607–608

Infratrochlear nerve block, in horses, 606, 607f
Inhalation anesthetics

cardiac arrhythmias, 112t
cesarean section patients, use in, 960
chemical structure, 358f
concentration, calculation of vapor, 362, 362f
hemodynamic effects, 83t
hepatic disease, use in patients with, 923
history of, 355, 356f
metabolism, 11

Index ● 1075



Inhalation anesthetics (continued)
minimum alveolar concentration (MAC), 370–373,

371f–372f, 373f, 374t
neonates and geriatric patients, use in, 989
neurological disease, use in, 905–906
nitrous oxide

diffusion hypoxia, 382
dose, 380–381
interference with monitoring, 382
kinetics, 381
pharmacodynamics, 381
transfer to closed gas spaces, 381–382

occupational exposure, 382, 382t
ocular patients, use in, 948
orthopedic patients, use in, 1012
overview, 355
pharmacodynamics effects

cardiovascular system, 377–379, 377t–378t, 378f
arterial blood pressure, 377, 378f
cardiac output, 377
influencing factors, 378–379
rhythm, 377–378

central nervous system, 373–375
analgesia, 375
cerebral blood flow, 375
cerebral metabolism, 375
electroencephalographic (EEG) effects,

374–375
intracranial pressure, 375

hepatic system, 380
renal system, 379–380
respiratory system, 375–377, 376f, 376t
skeletal muscle, 380

pharmacokinetics
biotransformation, 370, 370t
elimination, 11, 368–370, 369f
overview, 364–365, 365f
uptake of anesthetic

delivery to alveoli, 365–367, 366f–367f
removal from alveoli, 367–368, 368f

physiochemical characteristics
chemical characteristics, 356–357, 357t, 358f
physical characteristics, 357–364, 357t

blood-gas partition coefficient, 359t, 363–364,
364f

boiling point, 362
oil-gas partition coefficient, 359t, 364
overview, 357–359
rubber/plastic-gas partition coefficient, 359t, 364
solubility, 362–364
vapor pressure, 360–362, 361f

respiratory depression, 937
respiratory system effects, 132–133, 133f, 900
teratogenecity, 12
use in

birds, 856–858, 857t
horses, 725
reptiles and amphibians, 876–877
swine, 756, 757t, 758

Injectable anesthetics. See also specific drugs
barbiturates

addiction, 280
administration, 285–287

apnea, transient, 287
intramuscular, 286
intraperitoneal, 286
intrathoracic, 286–287
intravenous, 285–286

chemical structure, 274–275, 274f
classification, 275, 275f, 275t, 276t–277t
dissociation, 278, 278f
distribution, 278–279, 279t
euthanasia, 287
glucose effect, 280, 280t
oxybarbiturates

methohexital, 283–284, 283t
pentobarbital, 280–283, 281f, 282f, 282t
phenobarbital, 280

pharmacology, 276–278, 278t
slough, from perivascular administration, 287
therapeutic uses, 280
thiobarbiturates

thiamylal, 285
thiopental, 284–285, 284f, 285t

ideal, characteristics of, 274t
mechanisms of action, 274
nonbarbiturates

chloral hydrate, 289, 290f
chloralose, 289
etomidate, 290–291
magnesium sulfate, 290
metomidate, 290
neurosteroids, 287–288, 288f
propofol, 291–292
urethan, 290

overview, 273
structure-activity relationships, 273–274
use in

birds, 854–856
fish, 883–884
neurological disease, 905
primates, nonhuman, 776, 777t
reptiles and amphibians, 873–876, 873f,

874t–875t, 875f, 876f
rodents and rabbits, 774, 775t, 776

Injury, during anesthesia, 1044
Innovar-Vet

description, 248
use in

rodents and rabbits, 767t
swine, 316t, 752, 759

Inotropic drugs, positive, 975t
Inotropic support, for trauma and critical patients,

981–982
Inotropy, 81–82
Insectivora, 787t, 801
Inspiratory capacity (IC), 118, 118f
Inspiratory reserve volume (IRV), 118, 118f
Inspiratory time, mechanical ventilation guidelines, 514
Inspiratory to expiratory time ratio, 514
Inspired concentration, anesthetic, 365–366, 366f, 366t
Insufflation, for oxygen administration

nasal, 510–511, 511f
tracheal, 511

Insulinoma, 934
Insurance claims, 25, 28t
Intercostal nerve block

in cats, 599, 600f
in dogs, 568–569, 568f

Interleukin, 1020
Intermittent positive-pressure breathing (IPPB), 517
Intermittent positive-pressure ventilation (IPPV),

512–514, 976, 1032
Internal pudendal nerve block, in ruminants, 662–663,

663f
Internal resting potential, 164
International Congress of Veterinary Anesthesiology, 4
International Union of Pharmacology Subcommittee on

Nomenclature, 241
Internuncial cells, 157
Interpleural administration of local anesthetics, 980
Interpleural catheter placement, 569, 569f
Interpleural regional analgesia, in dogs, 569–571, 570f
Interposed abdominal compression, 1037
Interstitial fluid volume, causes of increased, 93t
Intervertebral disk disease, anesthetic management for,

906, 906t
Intestinal gas volume, 10
Intestinal motility

acepromazine effect on, 209
detomidine effect on, 224
ileus in horses, 693, 1022
reduction with anticholinergics, 204, 205, 206

Intra-articular injections
in dogs, 572
in horses, 610–616

agents used, 610, 636–637
bicipital bursa block, 613, 614f
carpal block, 612, 613f
coffin block, 612, 612f
coxofemoral block, 616, 616f
cubital (elbow) block, 612, 614f
cunean bursa block, 614, 614f, 615f
digital flexor tendon sheath block, 612, 612f
fetlock block, 612, 612f
olecranon bursa block, 612–613, 614f
pastern block, 612, 612f
podotrochlear (navicular) bursa block, 611–612, 612f

shoulder block, 613, 614f
stifle block, 615–616, 616f
tarsal block, 614, 614f, 615f
tibiotarsal block, 614–615, 614f
trochanteric bursa block, 616, 616f

in ruminants, 675
Intracellular fluid compartment, 185–186
Intracranial masses, anesthetic technique for patients

with elevated ICP, 907, 907t
Intracranial pressure (ICP)

anesthetic agent effects on, 904–906
anesthetic technique for patients with elevated, 907,

907t
cerebral blood flow and, 903–904, 904t
inhalation anesthetic effect on, 155, 375
ketamine effects on, 302
succinylcholine and, 426

Intradural space, 158
Intragastric pressure, succinylcholine and, 426
Intraocular pressure (IOP)

dissociative anesthetic effects on, 303
factors altering, 945t
physiology of, 944–946
succinylcholine and, 426

Intraosseous catheterization, in reptiles and amphibians,
873, 875f, 875t

Intraosseous space, fluid administration in, 195
Intraperitoneal injection

of barbiturates, 286
historic use of, 3
infusion anesthesia in dogs, 564, 566

Intratesticular injection, 676, 676f
Intrathoracic injection, of barbiturates, 286–287
Intravenous fluids. See Fluid therapy
Intravenous regional anesthesia (IVRA)

in cats, 598
in dogs, 573–574, 574f
in ruminants

foot, 671–672, 672f
teat anesthesia, 670, 670f

Intubation. See Endotracheal intubation; Nasotracheal
intubation

Inverse agonists, 228
Inverted block, 651
Inverted-V block, of the teat, 670, 670f
Involuntary movement, stage of, 13
IOP. See Intraocular pressure (IOP)
IPPB (intermittent positive-pressure breathing), 517
IPPV (intermittent positive-pressure ventilation),

512–514, 516–517, 976, 1032
Irradiation, effects on anesthesia, 12
IRV (inspiratory reserve volume), 118, 118f
Ischemia, cardiac, 109–110
Isoflurane

�2–agonist use with, 211
apneic index, 376t
carbon monoxide production by, 11
cardiac arrhythmias, 112t
cardiopulmonary effects, 540t
cardiovascular disease, use in, 894–895
cerebral blood flow, effect on, 155
cesarean section patients, use in, 960, 962, 963t, 964t
chamber/mask induction in dogs and cats, 712
chemical structure, 358f
combined use with

acepromazine, 208–209
butorphanol, 250
diazepam, 229
xylazine, 214f

for diagnostic procedures, 1028t
electroretinography, effect on, 952
exposure limits, 486
halothane-specific vaporizers, use in, 474–475
hepatic blood flow, effect on, 921, 922t
hepatic disease patients, use in, 923
medetomidine use with, 218, 222
minimum alveolar concentration (MAC), 371t–372t
muscle relaxation effects, 428
ocular patients, use in, 948
partition coefficients, 359
perfusion and pressure effects of, 905t
physical and chemical properties, 357t
renal system effects, 916t
respiratory system effects, 132, 133f, 142, 900
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trauma and critical patients, use in, 979
use in

agoutis, 786
armadillos, 786
bats, 785
bears, 800
birds, 857–858
camels, 795
cats, 711, 712, 713t
cetaceans, 834
chinchillas, 786
dogs, 711, 712, 713t
elephants, 798
fish, 883, 885t
hedgehogs, 801
horses, 725, 929, 1021–1022
laboratory animals, 771–772
leopards, 791f
manatees, 838
ratites, 861t
reptiles and amphibians, 879t
sea lions, 836, 837
skunks, 788
stoats and weasels, 789
swine, 756, 757t, 758
tigers, 791f
walruses, 836

vaporizer settings for dogs and cats, 713t
Isopropyl alcohol, use in cattle, 661, 662
Isoproterenol

cardiovascular effects, 973f
catecholamine receptor activation, 975t
drug interactions, 441t
positive inotropic dose and infusion, 975t

Isosorbide dinitrate, use in congestive heart failure
therapy, 893t

Isotonic saline, 188
Isotonic solutions, description, 186
Isovolumic contraction, 77, 78
IVRA. See Intravenous regional anesthesia (IVRA)

Jackson-Rees system, 482f, 484
Jaguarondi, Telazol use in, 334t
Jaguars

chemical immobilization, 825–826
drug usage

ketamine, 320t, 787t, 790t, 825–826
medetomidine, 787t, 826
Telazol, 334t, 825

weight, 825
Javelinas, 791
Jaw tone, 13, 16, 536
Joint Commission on Accreditation of Healthcare

Organizations (JCAHO), 31
Junctional receptors, 420

Ka, 171
Kallikrein, 106
Kangaroos

capture and restraint, 800
drug usage

etorphine, 799t, 800
ketamine, 800
medetomidine, 800
propofol, 800
Telazol, 338t, 800
thiopental, 800
xylazine, 800

Kaolin-pectin, 972t
� (kappa) receptor, 46, 241–242
Kemithal, duration of action, 275t
Ketamine

adverse effects
cardiac arrhythmias, 112t
seizures, 301

analgesic action, 49, 263, 263t, 301–302
burn patients, use in, 977
cesarean section patients, use in, 962, 963t
combined use with

acepromazine, 304, 304t, 306, 309t, 313t, 315t
�2–agonists, 305, 306
anticholinergics, 204
atropine, 304t, 305, 307t, 312t–313t, 315,

315t–316t

azaperone, 210, 316t
butorphanol, 306, 307t, 309t–310t, 315, 315t–316t
detomidine, 307t, 308, 310t
diazepam, 229, 304–305, 304t, 308, 309t, 312t,

313t, 315, 315t, 316t, 710t, 1011
glycopyrrolate, 305
guaifenesin, 304t, 306, 307t, 308, 309t, 310t,

312t–313t, 315t, 433
isoflurane, 305
lidocaine, 304t, 305
medetomidine, 218, 304t, 306, 307t, 311t–312t,

315, 316t, 817
methadone, 309t
methotrimeprazine, 310t
midazolam, 230, 304–306, 304t, 307t, 310t, 313t,

316t, 710t
morphine, 304t, 305
oxymorphone, 306, 307t, 315, 315t
propofol, 307t
romifidine, 309, 310t
Telazol, 710t
temazepam, 310t
thiamylal, 304t
triflupromazine, 307t
xylazine, 214, 304, 304t, 306, 307t, 308–310,

309t, 310t, 312t, 313t, 315t, 316t, 710t, 817
constant-rate infusion, 713t
for diagnostic procedures, 1028t
drug interactions, 441t
epidural use, 302, 586, 587, 602
hepatic disease, use in patients with, 923
induction with, 1011
local anesthesia, 302
neonates and geriatric patients, use in, 989
neuromuscular blockade and, 428
orthopedic patients, use in, 1014
perivascular injection, 1039
pharmacologic effects

cardiopulmonary, 540t
cardiovascular system, 302–303
hepatic system, 303
intraocular pressure, 303, 945t, 949
nervous system, 301–302
ocular, 949
perfusion and pressure, 905t
renal system, 303, 916t
respiratory system, 132–133, 303, 900

portocaval shunt, use in, 925
premedication use, 712t
trauma and critical patients, use in, 978–979
use in

accipiters, 328t
agoutis, 786
armadillos, 786
badgers, 321t, 789
Barbary sheep, 787t
bats, 785
bears, 323t–324t, 787t, 800
beaver, 321t
birds, 854–855
bison, 824
blackbuck, 787t
black leopard, 790t
bobcat, 319t
budgerigars, 328t
buffalo, 317t, 793
camelids, 743
camels, 324t, 787t, 795
Cape hunting dogs, 319t
caribou, 824
carnivores, 318t–324t
cats, 219, 305–306, 307t, 319t–320t, 602, 710t,

712t, 713t, 787t, 927, 1015t
cattle, 309–310, 312t–313t, 661, 734
cesarean section patients, 959, 960
chamois, 787t
cheetahs, 320t, 790t, 826–827
chicken, 328t
chinchillas, 786
Chinese leopard, 790t
clouded leopard, 790t
collared peccaries, 324t
coyote, 318t–319t
deer, 317t–318t, 787t, 788t, 823

dogs, 303–305, 304t, 586, 710t, 713t, 828, 1014,
1015t

ducks, 328t
eagles, 328t
elephants, 324t
elk, 318t, 788t, 794
emu, 328t
ermine, 787t
ferrets, 322t, 787t, 788
fish, 884 885t
fisher, 322t
foxes, 319t, 787t
gazelles, 791
geese, 328t
gerbils, 775t
geriatric animals, 990t
giraffes, 795, 827
goats, 313t, 317t, 668, 734, 788t
gopher snake, 325t
guanaco, 787t
guinea pigs, 775t
hamsters, 775t
hawks, 328t
hedgehogs, 787t, 801
herons, 328t
horses, 302, 306, 308–309, 309t–310t, 618–619,

626, 637, 723–725, 723t, 919, 929, 1021
hyenas, 324t, 828
ibex, 317t, 787t
jaguar, 320t, 787t, 790t, 825–826
kangaroos, 800
leopard cat, 790t
leopards, 320t–321t, 787t, 790t
lions, 321t, 787t, 790t
llamas, 313t, 314, 787t
lynx, 787t, 825
maned wolf, 787t
margay, 321t, 790t
marine animals, 326t–327t
markhor, 317t, 787t
marsupials, 800–801, 801t
mice, 775t
mink, 322t, 787t
moose, 787t, 824
mouflon, 787t
mountain goats, 788t
mountain lion, 321t, 790t, 825
nutria, 786, 787t
ocelot, 790t
opossums, 801
ostrich, 328t–329t
otters, 322t
owls, 329t
parakeets, 329t
pigeons, 329t
pine marten, 322t, 787t
polar bears, 323t–324t, 787t, 800
prairie dogs, 786
primates, nonhuman, 777t, 787t, 799
Przewalski’s horses, 787t
puma, 790t
rabbits, 324t–325t, 775t
raccoon, 325t
ratites, 860, 861t–862t
rats, 775t
red panda, 787t, 789
reindeer, 318t, 787t, 788t
reptiles and amphibians, 873–874, 879t
rhinoceros, 795
ringtail, 325t
ruminants, 734–735
sea lions, –327t, 837
seals, 326t–327t, 836, 837
sea otters, 839
serval, 790t
sheep, 310, 312t–313t, 317t, 734, 787t
skinks, 323t
skunks, 323t, 788
squirrels, 326t, 786, 787t
stoats and weasels, 789
swine, 315, 315t–316t, 325t, 665, 666, 751–756,

757t, 759
tahr, 787t
tapirs, 824
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Ketamine (continued)
tigers, 321t, 787t, 790t
vultures, 329t
wallaby, 326t, 788t
weasel, 323t
wild horses, 795
wisent, 788t
wolverine, 787t
wolves, 319t, 787t
yak, 788t
zebras, 827
zebu, 317t

wildlife immobilization/capture, use in, 815
xylazine use with, 216, 217

Ketoconazole, 443
Ketoprofen

antipyretic effect, 255–256
for dental patients, 995t
dosage ranges, 259t
milk, levels in, 966
overview, 260–261
use in

cats, 995t, 1003t, 1015t
dogs, 995t, 1015t
horses, 723t
llamas, 742

Ketorolac
description, 262
dosage ranges, 259t
epidural use, 586
use in dogs, 586

Kidney. See also Renal system
acid-base balance, 172–173, 173f
drug excretion, 8, 9
perfusion, 8t

Killer whales, 835
Kinetics, of drug metabolism, 9
Kinins, 106
Kinkajou, Telazol use in, 338t
Koala, drug usage in

Althesin, 801
Telazol, 339t, 801

Kudus, drug usage in
azaperone, 797t
carfentanil, 797t
cyprenorphine, 797t
naloxone, 797t
xylazine, 797t

Kussmaul’s respirations, defined, 118

Laboratory animals. See also specific species
anesthesia

for fetal surgery, 782–783
inhalational agents

delivery systems for, 773–774, 773f
diethyl ether, 771
halothane, 771
isoflurane, 771–772
nitrous oxide, 772–773
sevoflurane, 772

injectable agents, 774, 775t, 776, 777t
monitoring

cardiovascular function, 779
emergencies, 779–780
overview, 776
respiratory function, 777–779, 777f–779f
thermoregulation, 779

of neonatal rodents, 782, 782f
postoperative are, 780, 780f, 781t
preanesthetic medication, 766, 767t, 768, 768t
regimen selection, 765–768

endotracheal intubation, 504–506
handling and restraint, 768–771, 769f, 771f, 772f,

773f
pain

analgesic agents, 767t, 781–782, 781t
assessment, 780
effective control, 782

routes of drug administration, 769–771, 769f, 770t
urethan use in, 290

Laboratory monitoring of anesthetized patients
calcium, 555
coagulation, 554
dogs and cats, preanesthetic, 706–707

glucose, 554
hemoglobin, 553
magnesium, 555
metabolic acid-base status, 554
oncotic pressure, 553–554
potassium, 554–555
preanesthetic evaluation, 17–18
reference range, 17–18
sodium, 554

Lacrimal nerve block, in horses, 606, 607f
Lacrimation, anesthetic effects, 15
Lactate, as measure of perfusion, 974
Lactated Ringer’s solution, 972t
Lactic acidosis, 554, 974
Laparotomy, anesthesia for

in horses, 617
paravertebral thoracolumbar anesthesia, 617, 617f,

618f
segmental dorsolumbar epidural anesthetics, 618,

618f
segmental thoracolumbar subarachnoid anesthesia,

618–620, 619f
in ruminants, 650–658

continuous lumbar segmental epidural anesthesia,
656–657, 656f

distal paravertebral thoracolumbar anesthesia,
652–653, 653f

infiltration anesthesia, 651, 651f
proximal paravertebral thoracolumbar anesthesia,

651–652, 652f
segmental dorsolumbar epidural anesthesia,

653–656, 654f, 655f
thoracolumbar subarachnoid anesthesia, 657–658,

657f, 658f
Laplace’s law, 66, 79
Large animals. See also specific species

anesthetic selection, 22–23
recovery from general anesthesia, 28–29
ventilators for, 525–528, 525f–527f

Laryngeal edema, in swine, 751
Laryngeal mask airway, use in swine, 750
Laryngeal paralysis, in horses, 939
Laryngeal reflexes

anesthetic effects, 15
species differences, 131

Laryngoscope
anesthesia for, 1027
blades, 499, 499f
correct positioning, 499
description, 1027
light source, 499

Laryngospasm
in cats, 15, 129, 501
development, 938
in horses, 939
lidocaine to prevent, 498, 501
management of, 1034t
treatment, 938

Larynx
airway obstruction, 938–939, 939t
anatomical abnormalities, 938
laryngospasm (see Laryngospasm)

Latchbridges, 87
Latent heat of vaporization, 462
Laudanosine, 426
LAVC 2000, 516t
L block, 651
Leaks, anesthesia machine, 488–492, 489f–492f
Lemmings, drug usage in

ketamine, 787t
medetomidine, 787t

Lens opacification, transient, 944
Leopard cat, ketamine use in, 790t
Leopards, drug usage in

isoflurane, 791f
ketamine, 320t–321t, 787t, 790t
medetomidine, 787t
Telazol, 333t, 334t

Lesser panda, 789
LETD (locally enhanced topical delivery), 258
Leukemia, metabolic rate, effect on, 12
Leukopenia, from pentobarbital, 281, 282f
Leukotrienes, 253, 253f, 254
Levallorphan, use in cesarean section patients, 959

Levobupivacaine
chemical structure, 399t
development of, 395
properties of, 401t

Lidocaine
antimicrobial activity, 397–398
for arrhythmias, 542t, 928, 974
carbonation of, 405
cesarean section patients, use in, 961
chemical structure, 399t
combined use with

bupivacaine, 400
epinephrine, 404, 407, 563, 645, 672
sodium bicarbonate, 405

constant-rate infusion, 713t
continuous peripheral nerve blockade, 401
cooling, 405
cough suppression by, 943
CPR-associated use, 1038
density of, 405
for dental blocks, 994t
development of, 395
drug interactions, 441t
duration of action, 400, 401t
for endotracheal intubation, 498, 499f, 501, 502
epidural use, 576, 577t, 578
hyaluronidase and, 646
intravenous for analgesia in ocular patients, 950
metabolism of, 408, 924
milk, levels in, 965
for nasotracheal intubation, 504
ocular patients, use in, 950
orthopedic patients, use in, 1014
patch, 637, 645
plasma protein binding, 401t, 408
properties of, 401t
spray formulation, 562
topical application products, 407
toxicity

after ingestion, 410
cardiovascular, 409–410
CNS, 409
coadministration of �-adrenergic antagonists, 980
methemoglobinemia, 411
myotoxicity, 411
neurotoxicity, 410, 411
toxic dose, 994

use in
armadillos, 786
birds, 855–856
buffalo, 671f
camels, 795
cats, 595–597, 713t, 974, 994, 994t, 1015t
cattle, 645–646, 645f, 648, 651–652, 655–663,

670–676
dogs, 561–563, 566, 569, 572–574, 576, 577t,

713t, 928, 974, 994, 994t, 1014, 1015t
goats, 650, 651, 659, 668
horses, 606, 612, 617–618, 620, 624, 633, 637f,

1022
reptiles and amphibians, 879t
ruminants, 644t
sheep, 659, 663, 666–667
swine, 665–666

Limbic system, 34, 47, 154
Limbs

anesthesia
in dogs, 571–575
in horses

intra-articular injections, 610–616, 611f–616f
regional anesthesia, 608–610, 609f, 610f

nerve block
in cats, 596–597, 597f–598f
in dogs, 574–575

Lincomycin, neuromuscular actions of, 429
Line block

for cesarean sections, 963t–964t, 964–965
in horses, 617
in ruminants, 651

Linsand, Telazol use in, 337t
Lions

drug usage
acepromazine, 789
etorphine, 789
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ketamine, 321t, 787t, 790t
medetomidine, 787t
meperidine, 790
promazine, 790
Telazol, 334t

endotracheal intubation, 791
Lip anesthesia

in dogs, 568
in horses, 606f, 607–608, 607f

Lipase, serum, 930
Lipid A, 1019, 1020
Lipopolysaccharide (LPS)-binding protein, 1019
Lipoxins, 256
Lipoxygenase (LOX), 253f, 254, 256
Lisinopril, use in congestive heart failure therapy,

893t
Lithium, neuromuscular actions of, 429
Liver. See Hepatic system
Lizards

anesthetic protocols, 879t, 880
IM injections, 873
intraosseous catheterization, 875f, 875t
physical restraint, 871
vascular access, 873, 874t, 876f

Llamas
caudal epidural anesthesia, 660
cesarean section, 964t
doses of analgesics for use in, 53t
drug usage

4-aminopyridine, 733
butorphanol, 733
detomidine, 733
doxapram, 733
etorphine, 799t
ketamine, 313t, 314, 787t
ketoprofen, 742
lidocaine, 660
medetomidine, 732, 787t
Telazol, 314t
tolazoline, 733
xylazine, 216t, 660, 732–733
yohimbine, 733

weight, 732
Local analgesia, defined, 5
Local anesthesia

for cesarean sections, 963t–964t, 964–965
hepatic disease, use in, 924
for ocular patients, 950
use in

cats
infiltration, 595–596
topical, 595

cetaceans, 835
dogs

infiltration, 563–566
topical, 561–563

reptiles and amphibians, 872
Local anesthetics. See also specific drugs

activity, factors influencing
additives, 404
baricity, 405
carbonation, 405
concentration, 403–404
dose, 403–404
injection site, 404
pH, 404–405
pregnancy, 406
temperature, 405–406
volume, 403

adverse reactions, treatment of, 412
approved by Codified Federal Register (CFR), 413
cesarean section patients, use in, 961
clinical pharmacology

amide-linked agents, 398, 399t, 401t
chemical structure, 398, 399t
chirality, 398
duration of effect, 398–400
ester-linked agents, 398, 400t, 401t
mixtures of agents, 400
potency, 398
speed of onset, 398

delivery systems
for continuous peripheral nerve blockage, 401
sustained release vehicles, 400–401

dental patients, use in, 993–994, 993t
differential nerve blockage

brachial plexus infiltration, 402, 403f
epidural, 402–403
overview, 401, 402t
in situ studies, 402
spinal blockage, 402–403
in vitro studies, 401–402

drug disposition
absorption, 407
biotransformation, 408
distribution, 407–408
excretion, 408
overview, 406–407, 406f

electrophysiological effects
antimicrobial activity, 397–398
frequency-dependent block, 397
mechanisms of action, 396–397, 397f

for endotracheal intubation, 498, 499f, 501
epidural use, 586–587

in dogs, 576, 577t, 578–579
in horses, 620, 622–623

hepatic disease, use in, 924
history, 395–396
interpleural administration, 980
milk, levels in, 965
orthopedic patients, use in, 1012
overview, 395
retrobulbar injections, 951
splash block, 951
tachphylaxis, 413
toxicity

allergic reactions, 412
cardiovascular, 409–410
central nervous system, 408–409, 409f
local, 410–411
methemoglobinemia, 411–412
myotoxicity, 411
neurotoxicity, 410–411
overview, 408
from topical products, 410

use in
birds, 855–856
horses, 722
ruminants, 643, 644t, 645–646

Locally enhanced topical delivery (LETD), 258
Lorazepam

drug interactions, 441t
use in swine, 752

Loss-of-resistance test, 576
Loss of righting reflexes (LORR), defined, 13
Low-flow circle system, 480
Low palmar (plantar) nerve block, 609, 609f
LOX (lipoxygenase), 253f, 254, 256
Lumbosacral epidural anesthesia. See also Epidural

analgesia
in cats, 599–600, 601f

Lungs. See also Respiratory system
compliance, 120, 548
dead space, 121
elasticity, 120
intrapulmonary matching of blood and gas, 121–124,

123t, 124f, 125f
pressure gradient, 120

Lung volumes and capacities, 118, 118f, 121, 122t
Lusitropy, 79, 82–83
Lymphatic system, 63, 94
Lynx

chemical immobilization, 825
drug usage

ketamine, 787t, 825
medetomidine, 787t, 825
Telazol, 825

weight, 825

M-99. See Etorphine
Macaw, Telazol use in, 343t–344t
MAC-awake, 371
MAC-BAR, 372
Macroreentry, 110f
Magda technique, 652
Magill system, 482, 482f, 483f
Magnesium

hypomagnesemia, 555

monitoring in anesthetized patients, 555
normal values for species, 187t

Magnesium sulfate
CNS depression, 290
euthanasia use, 290
for hypomagnesemia, 555
muscle relaxation, 290
use in buffalo, 793

Magnetic resonance image (MRI)
anesthetic considerations, 910
anesthetic protocol selection, 1031
brain, 154f
contrast agents, 1028–1029, 1029
disease processes present in patients, 1031t
general considerations, 1028
monitoring for, 1031–1032
safety considerations, 1030, 1030t

Maintenance solutions, 186–187
Malignant hyperthermia, 380, 761–762, 1043
Mallard anesthesia machines

Mallard Medical Model 2400V Anesthesia
Ventilator, 516t, 520–521, 520f

Mallard Medical Rachel Model 2800 Anesthesia
Ventilator, 516t, 527–528, 527f

Mammals. See specific species
Manatees, 838
Mandible, anesthesia of

in cats, 596
in dogs, 568

Mandibular alveolar nerve block, in horses, 606f, 608
Mandibular muscle tone. See Jaw tone
Mandibular nerve block, in dogs, 566f, 568
Maned wolf, drug usage in

ketamine, 787t
medetomidine, 787t

Mannitol
for cerebral edema, 976
for glaucoma treatment, 947
intraocular pressure, effect on, 945t
perioperative use, 918
SIRS (systemic inflammatory-response syndrome),

972t
Manometer, circle breathing system, 477f, 478
Manual resuscitators, 529, 529f
MAO inhibitors, drug interactions, 445, 447
Mapleson non-rebreathing systems

characteristics, 482t
description, 481–482
diagrams of, 482f
flush valve use, 484
resistance to ventilation in, 484
types

Ayre’s T-piece, 482f, 483–484, 484f
Bain coaxial system, 482–483, 482f, 483f,

491f–492f
Magill system, 482, 482f, 483f
Norman mask elbow system, 483–484, 484f

Marcaine. See Bupivacaine
Margay, ketamine use in, 321t, 790t
Marine animals

drug usage
ketamine, 326t–327t
Telazol, 341t

mammals
cetaceans, 833–835, 834f, 835t
manatees, 838
overview, 833
pinnipeds, 835–838

fur seals, 836
sea lions, 836–837
true seals, 837–838
walruses, 836

polar bears, 838–839
sea otters, 893

Markhor, drug usage in
ketamine, 317t, 787t
medetomidine, 787t

Marmosets. See also Primates, nonhuman
alphaxalone-alphadolone use in, 768t
handling and restraint, 770, 773f
physiological data, 766t

Marmots, 786
Marsupials, 788t, 799t, 800–801, 801t. See also specific

species
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Mask induction
description, 485–486, 486f
in dogs and cats, 712
for laboratory animals, 774

Masks, oxygen delivery by, 510
Massage, therapeutic, 698–699
Masticatory myositis, 927
Matrx Spartan VMC veterinary anesthesia machine, 461f
Maxilla, anesthesia of

in cats, 596
in horses, 608

Maxillary nerve block, in dogs, 566, 566f, 567f
Maximum working pressure limit (MWPL) selector,

519, 520
McGill Pain Questionnaire, 43
MD-2 protein, 1020
MDR (multidrug resistance) efflux pump, 443–444
Mean circulatory pressure, 89
Measured flow vaporizers, 472–474, 473f
Mechanical ventilation

cardiovascular function, effect on, 513, 513f
discontinuing, 514
goals of, 512
guidelines for use, 514
indications for, 512
PaCO2 and, 512–514
respiratory assist devices

demand valves, 529–530, 529f–530f
manual resuscitators, 529, 529f

for ruminants, 738
terminology, 516–517
ventilators (See Ventilators)

Mechanomyography, 432
Meclonfenamic acid, use in horses, 723t
Medetomidine

analgesic action, 48, 263, 263t
atipamezole antagonism of, 226
cardiac arrhythmias, 112t
cesarean section patients, use in, 959
chemical structure, 212f
clinical uses, 220–222, 222t
combined use with

ketamine, 304t, 306, 307t, 311t–312t, 315, 316t,
817

Telazol, 817
in concentrated form, 810
epidural use, 585, 602
intraocular pressure, effect on, 949
ocular effects, 949
orthopedic patients, use in

postoperative, 1014
premedication, 1011

overview, 217
pharmacodynamics, 217–220, 217f, 219f, 220f, 221f
pharmacokinetics, 217
premedication use, 712t, 1011
respiratory system effects, 134–135, 135f
reversal, 816
use in

armadillos, 786
badgers, 789
Barbary sheep, 787t
bats, 785
bears, 787t, 800, 825
bison, 824
blackbuck, 787t
camels, 787t
caribou, 824
cats, 217–218, 219f, 220–222, 602, 709t, 787t,

1015t
cattle, 660–661, 732–733
chamois, 787t
cheetahs, 826
chinchillas, 786
deer, 787t, 788t, 793, 823
dogs, 217–222, 217f, 220f, 221f, 585, 709t, 712t,

828, 904, 1015t
elephants, 798
elk, 788t
ermine, 787t
ferrets, 787t, 788
fish, 884, 885t
foxes, 787t
gerbils, 775t

giraffes, 827
goats, 788t
guanaco, 787t
guinea pigs, 775t
hamsters, 775t
hedgehogs, 787t, 801
horses, 218, 626
hyenas, 828
ibex, 787t
jaguar, 787t, 826
kangaroos, 800
lemmings, 787t
leopards, 787t
lions, 787t
llamas, 732, 787t
lynx, 787t, 825
maned wolf, 787t
markhor, 787t
marsupials, 800
mice, 775t
mink, 787t
moose, 787t, 824
mouflon, 787t
mountain goats, 788t
neurological disease, 904
nutria, 786, 787t
pine marten, 787t
polar bears, 787t, 800, 825, 838
primates, nonhuman, 766, 787t, 799
Przewalski’s wild horses, 787t
rabbits, 775t
rats, 775t
red deer, 824
red panda, 787t, 789
reindeer, 787t, 788t
reptiles and amphibians, 879t
sea lions, 837
seals, 837
sea otters, 839
sheep, 787t
squirrels, 786, 787t
stoats and weasels, 789
swine, 752, 756, 757t, 760
tahr, 787t
tigers, 787t
wallaby, 788t
wild horses, 795
wisent, 788t
wolverine, 787t
wolves, 787t
yak, 788t
zebras, 827

wildlife immobilization/capture, use in, 816
Median alveolar concentration awake (MAC-awake),

defined, 13
Median alveolar concentration for blunting autonomic

responses (MAC-BAR), defined, 13
Median alveolar concentration (MAC), defined, 13
Median effective dose (ED50), 370, 372t
Median nerve block

in cats, 596–597, 597f
in horses, 610, 611f
in ruminants, 672–673, 673f

Medulla oblongata, 154
Meloxicam

antipyretic effect, 255
dental patients, use in, 995t
dosage ranges, 259t
overview, 259–260
preemptive use, 48
use in

cats, 994, 995t, 1003t, 1015t
dogs, 48, 995t, 1001t, 1015t
primates, nonhuman, 781t
rodents and rabbits, 767t

Membrane resting potential, 396
Mendelson’s syndrome, 959
Meninges, 158
Mental nerve block

in cats, 596, 596f
in dogs, 566f, 568
in horses, 606f, 607f, 608

Meperidine
clinical uses, 247

dosage ranges, 245t
drug interactions, 247, 441t
epidural use, 582–583, 583t
hepatic disease patients, use in, 922
overview, 247
use in

cetaceans, 834, 835, 835t
dogs, 583t
elephants, 797
horses, 630, 633f
lions, 790
manatees, 838
sea lions, 837
walruses, 836

Mephenesin, 924
Mephenteramine

catecholamine receptor activation, 973t
use in cesarean section patients, 961
vasoconstriction dose and infusion, 973t

Mephobarbital, duration of action, 275t
Mepivacaine

cesarean section patients, use in, 961
chemical structure, 399t
for dental blocks, 994t
development of, 395
epidural use, 577t
metabolism of, 408, 924
properties of, 401t
sodium bicarbonate added to, 405
speed of onset, 398, 401t
toxicity

cardiovascular, 409–410
myotoxicity, 411
neurotoxicity, 410

use in
cats, 994t
dogs, 563, 577t, 994t
goats, 650
horses, 606, 610, 618, 622, 628–629
ruminants, 644t

MEPs (motor evoked potentials), 910
Meridians, acupuncture, 684–685
Mesencephalon, 34, 153
Metabolic acidosis

from carbonic anhydrase inhibitors, 947–948
in critical patients, 974
management of, 1035t

Metabolic alkalosis, in displaced abomasum, 930
Metabolic rate

disease effects on, 11–12
drug effect on, 10
feeding effects on, 20
in geriatric animals, 988
meal effect on, 10
of neonates, 985

Metabolism, kinetics of drug metabolism, 9
Metaraminol

catecholamine receptor activation, 973t
use in sheep, 669
vasoconstriction dose and infusion, 973t

Metatarsal nerves, block in ruminants, 674–675, 675f
Metencephalon, 153
Methadone

analgesic use, 248–249
dosage ranges, 245t
epidural use, 582–583, 583t
use in

cats, 1015t
dogs, 583t, 1015t
horses, 630, 632
sheep, 668

Methazolamide, effect on intraocular pressure, 945t
Methemoglobin, 411–412, 549–551
Methohexital

combined use with
meperidine, 283t
morphine, 283t
promazine, 283t

duration of action, 283
hematologic effects, 278t
hepatic disease, use in patients with, 922
historical and clinical data on, 277t
induction of anesthesia, 284
portocaval shunt, use in, 925
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recovery, 283
respiratory system effects, 283
use in

cats, 283, 710t
cattle, 284
dogs, 283, 284, 710t
horses, 283–284, 283t
swine, 754

Methoxamine
catecholamine receptor activation, 973t
use in sheep, 669
vasoconstriction dose and infusion, 973t

Methoxyflurane
discontinuation of, 355
hepatic blood flow, effect on, 921, 922t
hepatic disease patients, use in, 923
nephrotoxicity, 916, 916t
ocular patients, use in, 948
partition coefficients, 359
physical and chemical properties, 357t
portocaval shunt, use in, 925
respiratory system effects, 133f

Metoclopramide, 972t
Metomatic Veterinary Ventilator, 516t, 521–522, 521f
Metomidate

description, 290
use in

fish, 883, 885t
swine, 756, 760

Metoprolol, use in congestive heart failure therapy, 894t
Mice. See also Rodents

analgesic drugs, 767t
anesthetic drugs, 775t
drug usage

Althesin, 288f
Telazol, 339t
urethan, 290

fluid administration volume, 781t
handling and restraint, 770, 771f, 772f
physiological data, 766t
preanesthetic drugs, 767t
respiratory values, 122t, 123t

MIC (minimum inhibitory concentration), 12
Microreentry, 110f
Microsomal enzyme

induction, 10–11, 11t, 444, 444t
inhibition, 10, 11, 444–445, 444t

Midazolam
cardiac arrhythmias, 112t
cesarean section patients, use in, 959
chemical structure, 228f
clinical uses, 230
for diagnostic procedures, 1028t
drug interactions, 441t
flumazenil for reversal of, 230–231
geriatric animals, use in, 990t
intraocular pressure, effect on, 949
orthopedic patients, use in

intraoperative, 1012
postoperative, 1014
premedication, 1010

overview, 229
perfusion and pressure effects of, 905t
pericardial tamponade patients, use in, 976
pharmacodynamics, 230
pharmacokinetics, 229–230
respiratory system effects, 900
trauma and critical patients, use in, 978
use in

badgers, 789
birds, 229–230, 855
cats, 229–230, 709t
cetaceans, 834, 835
chinchillas, 786
dogs, 229–230, 709t
ferrets, 230
gerbils, 775t
goats, 733
guinea pigs, 775t
hamsters, 775t
manatees, 838
mice, 775t
rabbits, 230, 775t
ratites, 860, 861t

rats, 775t
sea otters, 839
sheep, 733
swine, 229–230, 752, 754
walruses, 836

Midbrain, 154
Milrinone

catecholamine receptor activation, 975t
congestive heart failure therapy, 894t
positive inotropic dose and infusion, 975t

Minimal anesthetic concentration (MAC), in birds, 857,
857t

Minimum alveolar concentration (MAC)
assessment, 12
defined, 13
inhalation anesthetics, 370–373, 371t–372t, 373f, 374t

Minimum infusion rate (MIR), 13
Minimum inhibitory concentration (MIC), 12
Mink, drug usage in

ketamine, 322t, 787t
medetomidine, 787t
Telazol, 339t

Minute ventilation (VE), 118, 121
Miosis, 244, 946
MIR (minimum infusion rate), 13
Misoprostol, 972t
Mivacurium

description, 425
development of, 420
metabolism and excretion, 427
use in cesarean section patients, 961

MODS (multiple organ dysfunction syndrome), 970,
971f

Mongoose, Telazol use in, 337t
Monitoring

anesthesia
in birds, 858–859
for diagnostic procedures, 1031–1032
in fish, 882
in horses, 725–726
in laboratory animals, 776–779
in ratites, 863–864, 863t
in reptiles and amphibians, 877–878
in ruminants, 739–741, 740f
in wildlife, –819, 819f

anesthetic level, 534–537
EEG, 537
physical signs, 536–537

anesthetic mortality, 533–534
anesthetic record, 26t
cardiovascular, 539–547, 540t

arterial blood pressure, 543–546, 544f–546f, 545t,
547t

cardiac output, 546–547
central venous pressure, 542–543, 543f
heart rate, 539–540, 540t
heart rhythm, 540–541, 541t, 542t
oxygen delivery, 547
vasomotor tone, 541, 542t

critical patients, 974
guidelines, 25, 27f
laboratory

calcium, 555
coagulation, 554
glucose, 554
hemoglobin, 553
magnesium, 555
metabolic acid-base status, 554
oncotic pressure, 553–554
potassium, 554–555
sodium, 554

orthopedic patients
blood pressure, 1012–1013
supportive care, 1013–1014
temperature, 1013
ventilation, 1013

overview, 533
pain and analgesia, 537–539

EEG, 538
physical signs of pain, 538

pulmonary, 547–552
breathing rate, rhythm, and effort, 547, 547t
hemoglobin saturation with oxygen, 549–551,

550f, 551t

oxygen content, 551–552, 552t
PaCO2 (partial pressure of carbon dioxide), 548,

548t, 549f, 549t
PaO2 (partial pressure of oxygen), 548–549, 549t
venous admixture, 551, 551t
ventilometry, 548

renal, 552
temperature

hyperthermia, 553
hypothermia, 552

Monkeys, Telazol use in, 339t, 340t
Monoamine oxidase inhibitors, drug interactions and,

247
Moose

chemical immobilization, 824
drug usage

atipamezole, 824
carfentanil, 824
etorpine, 824
ketamine, 787t, 824
medetomidine, 787t, 824
Telazol, 332t, 824
tolazoline, 824
xylazine, 824
yohimbine, 824

weight, 824
Morphine

acepromazine use with, 209
cardiac arrhythmias, 112t
cardiovascular indications and doses, 542t
clinical uses, 246
constant-rate infusion, 713t
dental patients, use in, 995t
for diagnostic procedures, 1028t
dosage ranges, 245t
drug interactions, 441t
elimination via gastrointestinal tract, 8
epidural use, 582–583, 583t, 600–601
hepatic disease patients, use in, 922
intraocular pressure, effect on, 950
ocular patients, use in, 950
orthopedic patients, use in

intraoperative, 1012
postoperative, 1014
premedication, 1010

overview, 244, 246
perfusion and pressure effects of, 905t
permeation into canine brain, 10
pharmacokinetic and pharmacodynamic properties,

583
side effects, 112t, 246
sphincter of Oddi spasms, 930
topical administration, 950–951
use in

camelids, 743
cats, 22, 600–601, 709t, 713t, 995t, 1003t, 1015t
dogs, 569–571, 578, 582–583, 583t, 709t, 713t,

995t, 1001t, 1002t, 1014, 1015t
horses, 630, 632f, 633, 636–637, 720t, 721–722,

1022
rabbits, 767t
rhinoceros, 795
rodents, 767t, 782
sheep, 667–668

Mortality, from anesthesia, 23–24, 24t, 533–534
Motor end plate, 165–166, 165f
Motor evoked potentials (MEPs), 910
Mouflon, drug usage in

ketamine, 787t
medetomidine, 787t

Mountain coati, 789
Mountain goats, drug usage in

ketamine, 788t
medetomidine, 788t

Mountain lions
chemical immobilization, 825
drug usage

atipamezole, 825
ketamine, 321t, 790t, 825
medetomidine, 825
succinylcholine, 790
Telazol, 335t, 825
xylazine, 825

MRI. See Magnetic resonance image (MRI)
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MS-222, 879t, 880, 882–883, 885t
Mucosal defense, 253
Mucous membranes, monitoring

in birds, 858
in ruminants, 739

Mule deer, chemical immobilization of, 823
Multidrug resistance (MDR) efflux pump, 443–444
Multiple organ dysfunction syndrome (MODS), 970,

971f
µ (mu) receptor, 46, 241–242, 447
Muscarinic receptors

atropine effect on, 205
biological response, 102t
description, 104
types, 203, 204t

Muscle
malignant hyperthermia, 380
perfusion, 8t
tone, anesthetic effects on, 16
vascular smooth muscle contraction, 87–88

Muscle relaxants. See also Neuromuscular blocking
agents (NMBAs); specific drugs

centrally acting, 433
cesarean section patients, use in, 960–961
hemodynamic effects, 83t
hepatic disease, use in patients with, 923–924
history of, 420
indications for use, 427
mechanism of action, 421–422
neuromuscular blockade

factors affecting, 427–429
monitoring, 429–432
reversal, 432–433

nonneuromuscular effects
cardiovascular, 425
CNS effects, 426
histamine release, 425
placental transfer, 426
protein binding, 426
of succinylcholine, 426–427

overview, 419
peripherally acting, 433–434
pharmacology, 421–422
physiology of neuromuscular junctions, 420–421,

421f
precautions for use, 427
selection process, 427
use in

birds, 858
ratites, 864

Muscle-rupture syndrome, 822, 822f
Musculocutaneous nerve block

in horses, 610, 611f
in ruminants, 673, 673t

Musculoskeletal system, anesthetic effects, 14t
Mustelids, 788–789
Myalgia, from succinylcholine, 426–427
Myasthenia gravis, 428
Mydriasis

description, 946
from medetomidine, 220
from opioids, 244
from xylazine, 215

Myelencephalon, 153
Myelography, 906, 907
Mynah bird, Telazol use in, 343t
Myoclonus, from epidural opioids, 584
Myogenic component, of vascular control, 105–106
Myoglobinemia, 982
Myopathy

exertional, 821–822, 822f
postoperative in ruminants, 742

Myosin, cardiac muscle, 74, 75f, 76–77
Myositis

masticatory, 927
postanesthetic, 929

Myotome, 160
Myotoxicity, of local anesthetics, 411

Nalbuphine
description, 251
dosage ranges, 250t
use in swine, 751, 759–760

Nalmefene, 252, 252t

Nalorphine, use in
antelope, 792t
bongo, 792t
cesarean section patients, 959
duiker, 792t
eland, 792t
gazelles, 792t
impala, 792t
oryx, 792t
rhinoceros, 796t, 828
waterbuck, 792t

Naloxone
antagonism of respiratory depression, 937
arrhythmias from rapid IV administration, 937
cesarean section patients, use in, 959, 960
for diagnostic procedures, 1028t
dosage ranges, 252t
overview, 251–252
use in

antelope, 797t
blesbok, 797t
buffalo, 797t
cats, 252t, 711t
dogs, 252t, 711t
eland, 797t
elephants, 797t
gemsbok, 797t
giraffe, 797t
hartebeest, 797t
horses, 252t
impala, 797t
kudu, 797t
manatees, 838
polar bears, 839
rhinoceros, 797t
sheep, 668
springbok, 797t
swine, 760
tsessebe, 797t
warthog, 797t
waterbuck, 797t
wildebeest, 797t
zebra, 797t

wildlife immobilization/capture, use in, 815
Naltrexone

description, 252
use in

cats, 252t
dogs, 252t
hippopotamus, 798
primates, 799
rhinoceros, 828
tapirs, 824

wildlife immobilization/capture, use in, 814–815
Naproxen, use in

cats, 1015t
dogs, 1015t
horses, 723t

Narcan. See Naloxone
Narcosis, defined, 5
Narcotics, use in cardiovascular disease, 892
Narcotrend, 537
Narkovet-E: Electronic Large Animal Control Center,

516t, 525–527, 525f–526f
Narkovet-E Large Animal Anesthesia Machine, 525
Nasal anesthesia, in cattle, 649
Nasal insufflation, for oxygen administration, 510–511,

511f
Nasotracheal intubation, 503–504, 504f–505f, 737
National Center for Complementary and Alternative

Medicine (NCCAM), 684, 686
National Institute for Occupational Safety and Health

(NIOSH), 486
Natural killer (NK) cells, 998
Nausea, from opioids, 243
NCCAM (National Center for Complementary and

Alternative Medicine), 684, 686
NEEP (negative end-expiratory pressure), 517
Negative-pressure-relief valve, anesthesia machine,

475, 476f, 478
Neonatal patients

anesthesia
induction, 989
maintenance, 989

premedication and pain management, 988–989
preparation for, 988
protocols, summary of, 990
support, 989–990

physiology, 985–986, 986t
Neostigmine, acetylcholinesterase activity of, 432–433
Nephrotoxic drugs, 916, 916t
Nernst equation, 69, 70
Nerve blocks

in cats
brachial plexus, 597–598, 599f
common peroneal nerve, 597, 598f
inferior alveolar (mandibular), 596, 596f
infraorbital, 596, 596f
intercostal, 599, 600f
median nerve, 596–597, 597f
mental, 596, 596f
radial nerve, 596–597, 597f
tibial nerve, 597, 598f
ulnar nerve, 596–597, 597f

complications, 1044
continuous peripheral, 401
for dental procedures, 993–994, 994t
differential

brachial plexus infiltration, 402, 403f
epidural, 402–403
overview, 401, 402t
in situ studies, 402
spinal blockage, 402–403
in vitro studies, 401–402

in dogs
brachial plexus, 572–573, 572f, 573f
field block, 564, 565f
infraorbital nerve, 566, 566f
intercostal, 568–569, 568f
for limbs, 574–575
mandibular, 566, 566f, 568
maxillary nerve, 566, 566f, 567f
mental nerve, 566f, 568
needle placement, 566f, 567f
ophthalmic nerve, 566, 566f, 567

in horses
abaxial/basilar sesamoidan, 609, 609f, 637
anterior/dorsal digital nerve, 609, 609f
auriculopalpebral nerve, 606, 606f, 607, 607f
head, 606–608, 606f, 607f
high palmar/plantar, 609, 609f
high suspensory, 609f, 610
infraorbital nerve, 606f, 607–608
infratrochlear nerve, 606, 607f
lacrimal nerve, 606, 607f
of limbs, 608–610, 609f, 610f
mandibular alveolar nerve, 606f, 608
median nerve, 610, 611f
mental nerve, 606f, 607f, 608
musculocutaneous nerve, 610, 611f
palmar/plantar digital nerve, 608, 609f
paravertebral, 617, 617f, 618f
perineal nerve, 634, 635f
peroneal nerve, 610, 611f
pudendal nerve, 634, 635f
saphenous nerve, 610, 611f
supraorbital (frontal) nerve, 606, 606f, 607f
tibial nerve, 610, 611f
ulnar nerve, 610, 611f
zygomatic nerve, 606, 607f

intercostal, 980
nerve fiber type and, 401–402, 402t
for orthopedic patients, 1012
in ruminants

auriculopalpebral nerve, 646, 647f, 648f, 649
axial digital nerves, 673, 673f
brachial plexus, 672
common peroneal nerve, 673–674, 674f
deep peroneal nerve, 674, 675f
dorsal antebrachial nerve, 673, 673f
foot, ring block for, 671
infraorbital nerve, 647f, 649
infratrocheal nerve, 650, 650f
internal pudendal nerve, 662–663, 663f
median nerve, 672–673, 673f
metatarsal nerves, 674–675, 675f
musculocutaneous nerve, 673, 673f
paravertebral, distal, 652–653, 653f
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paravertebral, proximal, 651–652, 652f
paravertebral, sacral, 662, 662f
perineal nerve, 670
Peterson eye block, 648, 648f
retrobulbar, 646, 647f
superficial peroneal nerve, 674, 675f
teat, ring block for, 670, 670f
tibial nerve, 673–674, 674f
ulnar nerve, 647f, 673, 673f
zygomaticotemporal, 647f, 649, 650, 650f

Nerve-conduction studies, anesthesia for, 909
Nerve stimulation

monitoring
electrical stimulation characteristics, 429
electromyography (EMG), 432
mechanomyography (MMG), 432
pattern of stimulation, 430–432

double-burst stimulation (DBS), 431–432, 431f
posttetanic facilitation, 430, 431f, 431t
single twitch, 430, 431f, 431t
tetanic stimulation, 430, 431f, 431t
train-of-four (TOF), 430, 431f, 431t

quantifying evoked responses, 432
site of stimulation, 429, 430f

supramaximal impulse, 429
Nervous system

anesthetic effects, 14t
brain

anatomy, 153–154, 154f, 156f, 159f
physiology, 154–155

cerebrospinal fluid (CSF), 158–160, 158f
CNS (see Central nervous system (CNS))
cranial nerves, 155–156, 156f
disease (see Neurological disease)
dissociative anesthetic effects on, 301–302
evaluation of function during anesthesia

bispectral index (BIS) monitor, 167
electroencephalography, 166–167
functional magnetic resonance imaging (fMRI),

167
in geriatric animals, 987, 987t
intracranial pressure, 159–160
in neonatal animals, 986, 986t
neuromuscular junction, 165–166, 165f
neuron function

axonal conduction, 164
neuroregulators, 164–165, 164t

overview, 153
peripheral nervous system

autonomic nervous system
nonadrenergic noncholinergic nervous system,

164
overview, 160–162
parasympathetic system, 162, 163f
sympathetic system, 163–164, 163f

nerve fibers, classification of, 160t
spinal nerves, 160, 161f

spinal cord, 156–158, 157f
Nesacaine. See Chloroprocaine
Neuralgia, defined, 32
Neuritis, defined, 32
Neurogenic paralysis, in horses, 726–727
Neuroleptanalgesics, use in

armadillos, 785
cesarean section patients, 960
wildlife, 817

Neurological disease
anesthetic agents

injectable anesthetics, 905
perfusion and pressure, effects on, 905t
sedatives, tranquilizers, and analgesics, 904–905
volatile anesthetics, 905–906

cerebral blood flow, autoregulation of, 903–904, 904t
electrodiagnostic techniques, anesthesia for, 908–910

auditory and visual evoked potentials, 909–910
electroencephalogram (EEG), 908–909
electroretinogram, 910
motor evoked potentials, 910
nerve-conduction studies, 909
somatosensory evoked potentials, 910

intervertebral disk disease, 906, 906t
intracranial masses, 907
intracranial pressure (ICP) and, 907, 907t
magnetic resonance imaging, 910

myelography and, 906
physiology, 903
seizures, management of, 907–908, 908t
wobbler syndrome, 906–907

Neuromatrix, 688
Neuromuscular blockage

factors affecting
acid-base disturbances, 428
age, 428
anesthetic drug, 428
drug interactions, 428–429
electrolyte disturbances, 428
hypothermia, 428
metabolism and excretion, impairment of,

427–428
neuromuscular disorders, 428

mechanism of, 421–422, 423f
monitoring

electrical stimulation characteristics, 429
electromyography (EMG), 432
mechanomyography (MMG), 432
pattern of stimulation, 430–432

double-burst stimulation (DBS), 431–432, 431f
posttetanic facilitation, 430, 431f, 431t
single twitch, 430, 431f, 431t
tetanic stimulation, 430, 431f, 431t
train-of-four (TOF), 430, 431f, 431t

quantifying evoked responses, 432
site of stimulation, 429, 430f

reversal
depolarizing blockade, 433
nondepolarizing blockade, 432–433

Neuromuscular blocking agents (NMBAs). See also
specific drugs

agents
atracurium, 423–424, 423t
cisatracurium, 424
doses of commonly used, 423t
doxacurium, 424
mivacurium, 425
pancuronium, 423, 423t
pipecuronium, 423t
rocuronium, 424
succinylcholine, 422–423, 423t, 426–427
vecuronium, 423t, 424

defined, 419
depolarizing drugs, 422
history of, 420
indications for use, 427
intraocular pressure, effect on, 945t
nondepolarizing drugs, 422
nonneuromuscular effects

cardiovascular, 425
CNS, 426
histamine release, 425
placental transfer, 426
protein binding, 426
of succinylcholine, 426–427

for ocular patients, 951–952
pharmacology, 421–422
physical properties, 422
physiology of neuromuscular junctions, 420–421,

421f
precautions for use, 427
selection process, 427
substances intensifying effect of, 11t
use in

cats, 423t
dogs, 423t
horses, 423t

wildlife capture, use in, 813–814
Neuromuscular disorders, muscle relaxants and, 428
Neuromuscular electrical stimulation (NMES), 700
Neuromuscular junction

physiology of the, 420–421, 421f
receptors

postjunctional, 420–421
prejunctional, 420

transmission at, 165–166, 165f
Neuron

function
axonal conduction, 164
neuroregulators, 164–165, 164t

wide-dynamic-range (WDR), 36–38

Neurontin. See Gabapentin
Neuropathic pain, 32, 38–40
Neuropathy, defined, 32
Neuropeptide Y, 102
Neuroregulators, 164–165, 164t
Neurosteroids, 287–288, 288f
Neurotoxicity, of local anesthetics, 410–411
Neurotransmitters

mechanism of action, 100t
receptors, 100t

Newborns, care of, 965
Nicotinic receptors

description, 104
neuromuscular junction, 166, 420–421

Nifedipine, xylazine use with, 214f
NIOSH (National Institute for Occupational Safety and

Health), 486
Nitric oxide, 107
Nitrogen

in internal body spaces, 10
respired percentages in humans, 126t

Nitroglycerin
congestive heart failure therapy, 893t
drug interactions, 441t

Nitroprusside
cardiovascular indications and doses, 542t
congestive heart failure therapy, 893t

Nitrous oxide
airway obstruction and, 939
body nitrogen levels and, 10
boiling point, 362
cerebrovascular effects of, 906
chemical structure, 358f
in closed circle system, 480
delivery to anesthesia machines, 454–457,

455f–458f, 459, 461
diffusion hypoxia, 382
dose, 380–381
exposure limits, 486
hepatic blood flow, effect on, 921, 922t
hepatic disease, use in patients with, 923
historical use of, 3
interference with monitoring, 382
kinetics, 381
in Mapleson breathing system, 484
minimum alveolar concentration (MAC), 371t–372t,

373
ocular patients, use in, 948
partition coefficients, 359
perfusion and pressure effects of, 905t
pharmacodynamics, 381
physical and chemical properties, 357t
pneumothorax and, 10
respiratory system effects, 900
second gas effect, 758
in semiclosed circle system, 481
in Stephens-Slater system, 484
teratogenecity, 12
transfer to closed gas spaces, 381–382
use in

birds, 858
cesarean section patients, 960
laboratory animals, 772–773
swine, 758

NK (natural killer) cells, 998
NMBAs. See Neuromuscular blocking agents

(NMBAs)
NMDA antagonists, for cancer pain, 1005
NMES (neuromuscular electrical stimulation), 700
N-methyl-D-aspartate (NMDA) receptor

dissociative anesthetic effect on, 301–302
pain and, 38, 39

Nociceptin, 242
Nociceptin receptor, 241, 242
Nociception

defined, 32, 537
description, 18–19
GABA receptors, role of, 228
NSAIDs, antinociceptive effects of, 254–255
ramping up process, 538

Nociceptive pathways
divergence of, 33–34
neuroanatomy of, 33–34
spinocervicothalamic tract, 34, 34f
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Nociceptive pathways (continued)
spinoreticular tract, 34–35, 35f
trigeminal system, 35, 35f

Nociceptor activators, 36
Nociceptors

acupuncture and, 687
defined, 32
description, 33
pain modulation and, 36
silent, 33, 36

Nociceptor sensitizers, 36
Nociceptor threshold, 33, 36
Nonadrenergic noncholinergic nervous system, 164
Nondepolarizing muscle relaxants

hepatic disease, use in patients with, 923–924
use in birds, 858

Non-rebreathing systems
characteristics, 482t
description, 481–482
diagrams of, 482f
flush valve use, 484
resistance to ventilation in, 484
types

Ayre’s T-piece, 482f, 483–484, 484f
Bain coaxial system, 482–483, 482f, 483f,

491f–492f
Magill system, 482, 482f, 483f
Norman mask elbow system, 483–484, 484f

Non-rebreathing valves
resuscitation bags, 485
Stephens-Slater system, 484–485, 485f

Nonsteroidal anti-inflammatory analgesics (NSAIAs)
pain perception and, 48–49
pharmacokinetics, 48
use in horses, 722–723, 723t

Nonsteroidal anti-inflammatory drugs (NSAIDs). See
also specific drugs

accidental ingestion, 256
agents, 259–262, 259t, 260t

acetaminophen, 262
aspirin, 262
carpofen, 260
deracoxib, 261
diclofenac, 262
dipyrone, 262
eltenac, 261
etodolac, 261
firocoxib, 261
flunixin meglumine, 261
ketoprofen, 260–261
ketorolac, 262
meloxicam, 259–260
phenylbutazone, 261
piroxicam, 262
tepoxalin, 261
tolfenamic acid, 261
vedaprofen, 262

antipyretic activity, 255–256
cancer pain, use for, 1000, 1004
contraindications, 258
cyclooxygenases, effect on, 252–256
dental pain, use for, 993–994, 995t
dosage ranges, 259t, 260t
drug interactions, 446–447
endogenous anti-inflammatory system, effect on, 256
endotoxemia, use in, 1021
mechanism of analgesia, 254–255
milk, levels in, 965–966
ocular patients, use in, 950
orthopedic patients

long-term pain management, 1016
preoperative use, 1012

overview, 252
pain management, indications for, 257–258

inflammatory conditions, 257
osteoarthritis, 257–258
postoperative, 257

patient selection, 256–257
pharmacological considerations, 256
research areas, 256
therapeutic considerations, 256–257
use in

cats, 1004
laboratory animals, 781

Norepinephrine
cardiovascular effects, 973f
cardiovascular indications and doses, 542t
catecholamine receptor activation, 973t
mechanism of action, 100t
receptors, 100t
vasoconstriction dose and infusion, 973t

Norman mask elbow system, 483–484, 484f
Nose anesthesia, in horses, 606f, 607–608, 607f
Noxious stimulus, defined, 33
NSAIAs. See Nonsteroidal anti-inflammatory

analgesics (NSAIAs)
NSAIDs. See Nonsteroidal anti-inflammatory drugs

(NSAIDs)
Nubain. See Nalbuphine
Nucleus raphe magnus, 38
Nucleus tractus solitarius, 97
Numorphan. See Oxymorphone
Nutraceutical products, for cancer pain, 1006
Nutria

drug usage
atipamezole, 786
atropine, 786
chloralose, 786
ketamine, 786, 787t
medetomidine, 786, 787t
pentobarbital, 786
Telazol, 338t
xylazine, 786

endotracheal intubation, 786
Nyala, Telazol use in, 332t
Nystagmus

in horses, 13, 15, 29, 725
as indicator of anesthetic depth, 537
from ketamine, 949

Obesity, 931
Obstetric procedures, anesthesia for. See also Cesarean

section patients
in ruminants, 658–661

Occupational Safety and Health Administration
(OSHA), 486

Ocelots, drug usage in
ketamine, 790t
Telazol, 335t

Ocular patients
analgesia, 950
anesthetic drugs

inhalation agents, 948
injectable agents, 948

�2-agonists, 949
anticholinergics, 948–949
barbiturates, 949
benzodiazepines, 949
dissociative agents, 949
etomidate, 949
phenothiazines, 950
propofol, 949

electroretinography (ERG), 952
local anesthesia, 950–951
neuromuscular blocking agents, 951–952
ophthalmic medications

adrenergic agents, 947
carbonic anhydrase inhibitors, 947–948
cholinergic agents, 947
corticosteroids, 948
osmotic agents, 948

overview, 943–944
physiology

cardiovascular
oculocardiac reflex, 946–947

ocular, 944
globe position, 946
intraocular pressure (IOP), 944–946, 945t
pupil size, 946

regional anesthesia, 951
Ocular system, anesthetic effects on, 13, 14t, 15,

16f
Oculocardiac reflex (OCR), 98t, 946–947
Oculomotor nerve, 155, 156f, 156t
Offset pressure, 545
Ohio calibrated vaporizer, 466f, 466t, 471–472
Ohio #8 glass-bottle vaporizer, 466t, 468–469,

468f–469f

Ohmeda 7000 Electronic Anesthesia Ventilator, 516t,
522–523, 522f

Ohm’s law, 89
Olecranon bursa block, 612–613, 614f
Olfactory nerve, 155, 156f, 156t
Oliguria, postoperative, 916, 918
Omeprazole, 972t
Oncotic pressure, monitoring, 553–554
Onychetomy

anesthesia, 596, 598
lameness following, 600f

Operating conditions, 23
Operative risk, 23
Ophthalmic medications

adrenergic agents, 947
carbonic anhydrase inhibitors, 947–948
cholinergic agents, 947
corticosteroids, 948
osmotic agents, 948

Ophthalmic nerve block, in dogs, 566, 566f, 567f
Opiates, 241
Opioids. See also specific drugs

acepromazine use with, 209
agonist-antagonists, 249–251, 249f, 250t

butorphanol, 249–251
dosage ranges, 250t
nalbuphine, 251
overview, 249, 249f
pentazocine, 251

agonists, 244, 245f, 245t, 246–249
alfentanil, 245t, 248
carfentanil, 249
codeine, 245t, 249
dosage ranges, 245t
etorphine, 249
fentanyl, 245t, 247–248
hydrocodone, 245t, 249
hydromorphone, 245t, 247
meperidine, 245t, 247
methadone, 245t, 248–249
morphine, 244, 245t, 246
overview, 244, 245t
oxycodone, 245t, 249
oxymorphone, 245t, 246–247
remifentanil, 245t, 248
sufentanil, 245t, 248

�2–agonist use with, 211–212
antagonists, 251–252, 252f, 252t

use in wildlife immobilization, 814–815
cancer pain use for, 1005
cardiovascular disease, use in, 892
cesarean section patients, use in, 959
dental pain, use for, 993–994, 995t
distribution and therapeutic implications,

242–243
drug interactions, 447–448
endogenous, 242, 688, 691

immunosuppression by, 20
epidural analgesia

in dogs, 582–585
�2–agonists combined with, 587
buprenorphine, 584
butorphanol, 584
ketamine combined with, 587
local anesthetics combined with, 586–587
morphine, 582–583, 583t
oxymorphone, 583–584, 583t
properties and doses of agents, 583t
side effects, 584–585

in horses, 630, 632–633, 633
drug combinations, 633–634
meperidine, 632, 633f
metadone, 630, 632
morphine, 630, 632f, 633
tramadol, 632, 633–634

hemodynamic effects, 83t
hepatic disease, use in patients with, 922
induction in dogs and cats, 712
intraocular pressure, effect on, 945t
mechanisms of action, 242
medetomidine use with, 222, 222t
metabolic rate, effect on, 10
midazolam use with, 230
NSAID use with, 252
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for ocular patients, 950
orthopedic patients, use in

intraoperative, 1012
postoperative, 1014
premedication, 1010

overview, 241
pain perception and, 47
pancreatitis pain, use for, 930
partial agonists, 249, 250f, 250t, 251
perfusion and pressure effects of, 905t
receptors, 46, 241–242
renal system effects, 916
respiratory system effects, 133–134, 900
side effects, 243–244, 814

cardiovascular system, 112t, 244
central nervous system, 243
cough center, 243–244
emetic center, 243
gastrointestinal system, 244
genitourinary system, 244
pupillary diameter, 244
respiratory system, 244
thermoregulatory, 243

side effects of epidural, 584–585
signaling, 242
systemic effects of, 47
trauma and critical patients, use in, 978–979
use in

birds, 856
camelids, 742–743
cats, 995t, 1005
deer, 794
dogs, 995t
elk, 794
horses, 929
laboratory animals, 781–782
polar bears, 838–839
swine, 759–780
walruses, 836

wildlife capture, use in, 814
Opossums, 800–801
Optic nerve, 155, 156f, 156t
Orbicularis oculi muscles, anesthesia in horses, 607
Orbit, anesthesia in dogs, 566–567, 567f
Organic acid abnormalities, isonatremic, 180
Organ phenomena concept of TCM, 693
Organs, acupuncture, 684–685
Orphanin FQ receptor, 241, 242
Orthopedic patients

general anesthesia, 1011–1012
adjunctive techniques, 1012
analgesia, 1012
induction, 1011–1012
maintenance, 1012
preanesthetic management, 1011

monitoring
blood pressure, 1012–1013
supportive care, 1013–1014
temperature, 1013
ventilation, 1013

pain management
analgesic drugs in dogs and cats, 1015t
intraoperative, 1012
long-term, 1016
postoperative, 1014, 1016

patient evaluation, 1009
patient preparation, 1009
premedication, 1010–1011
recovery, 1014, 1016
wound infusion catheter, 1014

Oryx, drug usage in
acepromazine, 792t
diprenorphine, 792t
etorphine, 792t
fentanyl, 792t
nalorphine, 792t
xylazine, 792t

OSHA (Occupational Safety and Health
Administration), 486

Osmolality, 185–186, 187t
Osmolarity, 185
Osmosis, 185
Osmotic agents, for glaucoma treatment, 947
Osmotic pressure, 185

Osprey, Telazol use in, 344t
Osteoarthritis, NSAIDs for, 257–258
Ostrich, drug usage in. See also Ratites

ketamine, 328t–329t
Telazol, 344t

Otters, drug usage in
ketamine, 322t
Telazol, 339t

Overdamping, 545, 545f
Overdrive suppression, 71
Owls, drug usage in

ketamine, 329t
Telazol, 344t

Oxen, halothane use in, 359t
Oxybarbiturates. See also specific drugs

hepatic disease, use in patients with, 922
historical and clinical data on, 276t–277t
methohexital, 283–284, 283t
pentobarbital, 280–283, 281f, 282f, 282t
phenobarbital, 280
use in swine, 753

Oxybuprocaine, use in dogs, 562
Oxycodone, 245t, 249
Oxygen. See also Hypoxemia; Hypoxia

administration techniques
mask delivery, 510
nasal insufflation, 510–511, 511f
overview, 510
oxygen cages, 511–512, 511f–512f
tracheal insufflation, 511

anesthesia machine
cylinder characteristics, 457t
cylinder labeling, 457–458, 457f
cylinder storage, 458
delivery to, 454–458
monitoring

flowmeters, 459–462, 459f–461f
flush valve, 462, 462f
pressure gauges, 458, 458f
regulators, 458–459, 458f, 459f

safety devices, 462
brain requirements, 155
flow recommendations for closed circle systems in

veterinary anesthesia, 480t
hemoglobin saturation, 549–551, 550f, 551t
preoperative administration, 21
respired percentages in humans, 126t
supplementation

in dogs and cats, 713–714
in horses, 718, 726
in newborns, 965
in ruminants, 738
wildlife capture and, 808, 809f, 819

toxicity, 512
transport in respiration process, 126–127

Oxygenation, assessing, 25, 27t
Oxygen cages, 511–512, 511f–512f
Oxygen consumption, 109f
Oxygen content

calculating, 551–552
relationship to PO2 and SO2, 552, 552t

Oxygen delivery (DO2), monitoring anesthetized
patients, 547

Oxyglobin, 972, 973
Oxyhemoglobin-dissociation curve, 64f, 125f, 550f,

551t, 863
Oxymorphone

acepromazine use with, 209
cardiac arrhythmias, 112t
cardiopulmonary effects, 540t
for diagnostic procedures, 1028t
dosage ranges, 245t
drug interactions, 441t
epidural use, 582–583, 583–584, 583t,

601–602
geriatric animals, use in, 990t
orthopedic patients, use in

intraoperative, 1012
premedication, 1010

overview, 246–247
respiratory system effects, 900
trauma and critical patients, use in, 978, 979
use in

cats, 601–602, 709t, 1015t

dogs, 583–584, 583t, 709t, 1015t
rodents and rabbits, 767t
swine, 755, 757t

Pacarana, Telazol use in, 339t
Pacemaker, 71, 541t
Packed cell volume (PCV), 193–194, 278t
PaCO2. See Arterial partial pressure of carbon dioxide

(PaCO2)
Pain

AAHA standards, 19, 19t, 31
acute, 42–45
affective component of, 36
analgesic reverse pyramid approach, 999
anticipation of, 36
assessment, 18

acute pain, 42–45, 44f
chronic pain, 45
frequency of assessment, 45
in laboratory animals, 780–781
objective measures, 42
overview, 41–42
pain scale, establishing, 45
scoring systems, 42–43, 44f, 45

dynamic and interactive visual analog scale
(DIVAS), 43

Glasgow composite pain scale, 43, 44f
McGill Pain Questionnaire, 43
University of Melbourne Pain Scale (UMPS),

43
visual analog scale (VAS), 19, 42–43, 43f

asymbolia of, 36
cancer, 32, 246
central, 32
central sensitization, 999
chronic, 19, 20, 32, 45, 165
deafferentation, 32
deep, 33, 34–45
defined, 18, 32, 537
dimensions of, 32
gate control theory of, 38, 157
in humans, 35–36
inflammatory, 32
management

analgesic drugs (See Analgesics)
cesarean section, 965–966
in dental patients

local and regional blocks, 993–994, 994t
take-home medications, 994, 995t
technique-associated, 994t

in horses, 722–723, 723t
in neonates and geriatric patients, 988
in orthopedic patients

analgesic drugs in dogs and cats, 1015t
intraoperative analgesia, 1012
long-term, 1016
postoperative, 1014, 1016

overview, 45–46
standards, AAHA, 19, 19t, 31

mild, 538
moderate, 538
modulation

description, 36
in dorsal horn, 36–38
in periphery, 36
suprasegmental, 38

monitoring perioperative, 537–539
EEG, 538
physical signs of pain, 538
subjective, 539

multimodal therapy, 999
muscle, from succinylcholine, 426–427
neuropathic, 32, 38–40
nociceptive, 32
nociceptive pathways

divergence of, 33–34
neuroanatomy of, 33–34
spinocervicothalamic tract, 34, 34f
spinoreticular tract, 34–35, 35f
trigeminal system, 35, 35f

pathological, 18
pathways, 18–19, 33–35
perception, 35–36
physiological, 18
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Pain (continued)
referred, 37
response to, 40–41, 41t
sensitization, 19
severe, 538
signs of, 538
spinal facilitation (windup), 37–38, 37f
stress response and, 19–20
subjective nature of, 41
superficial, 33, 34
sympathetically maintained, 39
visceral, 34–35, 161–162, 254
as vital sign in animals, 31
windup, 19

Pain Buster Soaker, 564, 564f, 565f
Pain (detection) threshold, defined, 33
Pain tolerance, defined, 33
Pain-tolerance range, defined, 33
Palliative analgesia. See Rehabilitation and palliative

analgesia
Palmar/plantar digital nerve block in horses, 608, 609f
Palmer rifle, 812
Palpebral reflex

anesthetic effects on, 13, 15
in camelids, 740
in cattle, 740
in goats, 740
in horses, 725
as indicator of anesthetic depth, 536–537
in sheep, 740

Pamidronate, use in dogs, 1002t, 1006
Pancreatitis, 930–931
Pancuronium

cardiovascular effects, 425
development of, 420
hemodynamic effects, 83t
intraocular pressure, effect on, 945t, 951
mechanism of action, 423
metabolism and excretion, 427
pharmacology, 423
use in

birds, 858
cats, 423t
dogs, 423, 423t, 425
horses, 423t, 425

Pandas, drug usage in
ketamine, 787t
medetomidine, 787t
Telazol, 339t

Panosteitis, NSAIDs for, 258
Panting, from opioids, 900
PaO2. See Arterial partial pressure of oxygen (PaO2)
Parabronchi, of birds, 843–847, 845f–850f
Paradoxical response, 537
Parakeets, drug usage in

ketamine, 329t
procaine, 22
Telazol, 344t

Paralumbar anesthesia, 3
Paralytic agents, in wildlife capture, 813–814
Parasympathetic nervous system

anticholinergic effects on, 203
cardiovascular system and, 99f, 103–104
cholinoreceptors, 104
description, 162
distribution, 99f, 103f, 163f
neurotransmission, 103–104

Parasympatholytic drugs, 203, 751–752
Parathyroid glands, 934
Paravertebral/lumbar sympathetic ganglion block, 636,

638f
Paravertebral thoracolumbar anesthesia

in horses, 617, 617f, 618f
in ruminants

distal, 652–653, 653f
proximal, 651–652, 652f
sacral, 662, 662f

Parenteral anesthesia, in reptiles and amphibians,
873–876, 873f, 874t–875t, 875f, 876f

Parenteral solutions
colloid preparations

description, 190
dextran solutions, 192
hydroxyethyl starch, 192–193

pentastarch, 193
plasma, 190
whole blood, 190–192, 191t

crystalloid preparations
alkalinizing agents, 189–190

sodium bicarbonate, 189
tromethamine (THAM), 189–190

description, 186
dextrose, 189
hypertonic saline, 188
hypotonic saline, 188
isotonic saline, 188
maintenance solutions, 186–187
replacement solutions, 187

Paresthesia, defined, 33
Parrots, Telazol use in, 344t
Partial pressure, defined, 358
Partial pressure of carbon dioxide (PaCO2). See Arterial

partial pressure of carbon dioxide (PaCO2)
Partial pressure of oxygen (PaO2). See Arterial partial

pressure of oxygen (PaO2)
Partial thromboplastin (PTT), 554
Partition coefficient

blood-gas, 359t, 363–364, 364f
description, 363
oil-gas, 364

Partridge, Telazol use in, 344t
Passive range of motion (PROM), 698
Passive rewarming, 552
Pastern block, 612, 612f
Patent ductus arteriosus (PDA), 895
Patient preparation

birds, 853–854
for diagnostic procedures, 1030–1031
dogs and cats, 707–708, 707t
for general anesthesia, 20–22
geriatric patients, 988
horses, 719–720
neonates, 988
orthopedic patients, 1009
ratites, 860
reptiles and amphibians, 872
ruminants, 731–732
swine, 747

PCO2
in acid-base disturbances, 174t, 175, 176t, 178
in Henderson-Hasselbalch equation, 171
temperature effect on, 173t

PCV (packed cell volume), 193–194, 278t
PDA (patent ductus arteriosus), 895
PEA (pulseless electrical activity), 1036
Peccary, drug usage in

ketamine, 324t
Telazol, 340t, 755, 791
xylazine, 755, 791

Pediatric animals. See also Neonatal patients
physiology, 985–986

Pediatric circle, 476
PEEP (positive end-expiratory pressure), 517, 1044,

1044f
Penicillins, neuromuscular actions of, 429
Penis

anesthesia in horses, 634
desensitization of dorsal nerve of the penis, 663
protrusion, from acepromazine, 209

Pentastarch, 193
Pentazocine

description, 251
dosage ranges, 250t
use in swine, 751

Pentobarbital
cardiopulmonary effects, 540t
cardiovascular effects, 281, 281f, 282t
contraindication in cesarean section, 281–282
development of, 3
distribution and fate, 279t
drug interactions, 441t
duration of action, 275t
euthanasia use, 287
hematologic effects, 278t
historical and clinical data on, 276t
historical use, 280
intraocular pressure, effect on, 949
intraperitoneal administration, 281

leukopenia from, 281, 282f
lipid solubility, 8
pharmacokinetics, 281
as racemic mixture, 280
recovery, prolonged, 282, 283
use in

armadillos, 785
bats, 785
bears, 800
birds, 855
camels, 795
cats, 287
cattle, 282, 733
deer, 794
dogs, 281, 281f, 282f, 287
elephants, 797
goats, 282
horses, 282
marsupials, 801
nutria, 786
sheep, 283
swine, 283, 753–754
voles, 786

yohimbine plus 4–aminopyridine for antagonism of,
283

Pentoxifylline, for endotoxemia, 1021
Perfusion. See also Ventilation-perfusion relationships

of body compartments, 8, 8t
regulating factors, 96t

Peribulbar anesthesia, in dogs, 567
Pericardial tamponade, 892
Pericardiocentesis, 976
Pericarditis, constrictive, 892
Perineal nerve block, in ruminants, 670–671
Perineal urethrostomy, 918
Perineum, anesthesia of in horses, 634
Peripheral nerve stimulation

monitoring
electrical stimulation characteristics, 429
electromyography (EMG), 432
mechanomyography (MMG), 432
pattern of stimulation, 430–432

double-burst stimulation (DBS), 431–432, 431f
posttetanic facilitation, 430, 431f, 431t
single twitch, 430, 431f, 431t
tetanic stimulation, 430, 431f, 431t
train-of-four (TOF), 430, 431f, 431t

quantifying evoked responses, 432
site of stimulation, 429, 430f

supramaximal impulse, 429
Peripheral nerve stimulator, 429, 429f

as aid in locating nerves, 572–573, 573f
Peripheral nervous system

autonomic nervous system
nonadrenergic noncholinergic nervous system, 164
overview, 160–162
parasympathetic system, 162, 163f
sympathetic system, 163–164, 163f

nerve fibers, classification of, 160t
spinal nerves, 160, 161f

Periqueductal grey matter, 34, 38
Perissodactyls, 795, 796t
Perivascular injection, management of, 1039, 1041
Peroneal nerve

block in horses, 610, 611f
stimulation in horses, 430f

Perphenazine enanthate, 794, 817
Persistent right aortic arch (PRAA), 895
Peterson eye block, 648, 648f, 951
Pethidine, 247, 767t
Pétrissage, 698
P glycoprotein (P-gp), 443–444
PH

acid-base balance (See Acid-base interactions)
in acid-base disturbances, 174t, 175
cerebrospinal fluid (CSF), 159
effect on drug concentration, 10
in Henderson-Hasselbalch equation, 171
local anesthetic, adjusting, 404–405
relationship between [H+] and, 170, 170f
species values for, 123t
temperature effect on, 173t

Phalanger, Telazol use in, 340t
Pharmaceutical interactions. See Drug interactions
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Pharmacogenetic differences, in general anesthesia, 7–8
Pharmacokinetics. See also specific drugs

general anesthesia, 8–9, 8t, 9f, 9t
factors modifying, 9–12, 11t

pregnancy and, 958
Pharyngeal reflexes, 15
Pharyngeal suction, 938
Pharyngotomy, lateral, 507
Phase block, 397
Phencyclidine, use in hippopotamus, 798
Phenobarbital

anticonvulsive use, 280
assays, 280
combined use with digoxin, 280
development of, 280
distribution and fate, 279t
drug interactions, 442t
duration of action, 275t, 280
loading dose, 280
milk, levels in, 965
overdose, 280
use in

birds, 855
dogs, 280
horses, 908

Phenothiazines. See also specific drugs
acepromazine, 208–210, 208f, 209f
adverse effects, 207t
cardiac arrhythmias, 112t
hemodynamic effects, 83t
hepatic disease, use in patients with, 922
introduction of, 4
for ocular patients, 950
overview, 207–208
premedication use in orthopedic patients, 1010–1011
receptor-binding affinities, 207–208, 207t
renal system effects, 916
respiratory system effects, 134, 899
use in horses, 720–721

Phenylbutazone
description, 261
use in

camelids, 742
horses, 722, 723t, 907

Phenylephrine
cardiovascular indications and doses, 542t
catecholamine receptor activation, 973t
intraocular pressure, effect on, 945t
mydriasis from, 947
for nasal passage hyperemia, 937
use in

horses, 726
swine, 751

vasoconstriction dose and infusion, 973t
Phenytoin

drug interactions, 442t
use in horses, 908

Pheochromocytomas, 111, 935–936
Phocids, 837–838
Phospholipase C, 101
Phosphorus, normal values for species, 187t
Photomotor reflex, 15
Phrenic nerve, nerve block, 571
PH stat regulation, 173–174, 173t
Physical examination

birds, 853
preanesthesia

in dogs and cats, 706, 706t
in horses, 719–720
overview, 17, 18

Physical restraint
amphibians, 870, 871f
birds, 854
horses, 717
laboratory animal, 768–771, 769f, 771f–773f
ratites, 859–860, 860f
reptiles, 870–872

crocodiles, alligators, caiman, and gharial, 872,
872t

lizards, 871
snakes, nonvenomous, 870
snakes, venomous, 870–871
turtles and tortoises, 871

swine, 747, 748

Physical status
classification of, 17t, 18, 707, 707t
evaluation of, 17

Physiological hypnosis, 296
Pia mater, 158
Pickwickian syndrome, 931
Pigeons, drug usage in

ketamine, 329t
Telazol, 344t

Pigs. See Swine
Pilocarpine, 947
Pimobendan, use in congestive heart failure therapy,

894t
Pine marten, drug usage in

ketamine, 322t, 787t
medetomidine, 787t

Pin-index safety system, 454, 456f
Pinnipeds, 835–838

fur seals, 836
sea lions, 836–837
true seals, 837–838
walruses, 836

Pipecuronium
development of, 420
use in

cats, 423t
dogs, 423t
horses, 423t

Pipothiazine palmitate, 794
Piroxicam

description, 262
dosage ranges, 259t
use in

cats, 1003t, 1015t
dogs, 1002t, 1015t

Pitman-Moore 970 veterinary anesthesia machine,
458f, 474f

PIVKA test, 554
Placental transfer

of drugs, 957–958
of neuromuscular blocking agents, 426

Plasma, 190, 971, 972t
Plasma proteins

drug binding to, 407–408
hypoproteinemia, 896–897
intravascular fluid volume, role in, 185
oncotic pressure and, 186, 190

Plasma skimming, 66
Plasma volume, species differences, 186t
Platelets, 187t
Plover, Telazol use in, 344t
Pluronic lecithin organogel (PLO gel), 248
Pneumothorax

management of, 1034t
nitrous oxide and, 10
tension, 939

PO2
hemoglobin saturation and, 126–127
relationship to SO2 and oxygen content, 552, 552t
temperature effect on, 173t

Podotrochlear (navicular) bursa block, 611–612, 612f
Polar bears

anesthesia, monitoring, 819f
chemical immobilization, 825
drug usage

ketamine, 323t–324t, 787t, 800
medetomidine, 787t, 800, 824
Telazol, 336t, 824
xylazine, 800, 824

overview of, 838–839
weight, 825

Pole syringe, 811, 811f, 818f
Polycythemia, 194
Polymyxin, 428, 1020–1021
Polypnea, defined, 118
Polysulfated glycosaminoglycan, use in

cats, 1015t
dogs, 1015t

Ponies. See Horses
Pons, 154
Pontine sensory nucleus, 35
Pontocaine, use in dogs, 563
Pop-off valve, 477, 477f, 487f
Portosystemic shunt, 925, 925t

Positive end-expiratory pressure (PEEP), 517, 1044,
1044f

Positive-pressure ventilation
in birds, 849–850
description, 120, 901–902
use in equine cesarean section, 962

Postoperative pain, NSAIDs for, 257
Posttetanic facilitation, 431, 431f, 431t
Potassium

hyperkalemia
anesthesia-associated, 1044
description, 198–199, 554–555, 916–917
in horses, 726
in hypoadrenocorticism, 934–935
management of, 1035t
in renal insufficiency, 917
succinylcholine and, 426
in urethral obstruction, 918
in urinary bladder rupture, 918–919

hyperkalemic periodic paralysis (HPP), 1044
hypokalemia, 198, 554–555

anesthesia-associated abnormalities, 1044–1045
description, 198, 554–555
in displaced abomasum, 930
gastric dilation-volvulus, 927–928
in postocaval shunt, 925

monitoring in anesthetized patients, 554–555
normal values for species, 187t
serum levels, factors influencing, 197–198

Potassium channels, membrane, 396, 396t
Potassium chloride, 972t
Potency, defined, 13
Potentiation, defined, 448
Powder-charged projectors, 812
Power projection systems, 812
PQ interval, 72
PRAA (persistent right aortic arch), 895
Prairie dogs, 786
Preanesthetic drugs

respiratory system effects, 899–900
use in

laboratory animals, 766, 767t, 768, 768t
ratites, 860

Preanesthetic evaluation, 17–20
Precapillary sphincters, 106
Prednisolone, use in

cats, 1003t, 1015t
dogs, 1002t, 1015t

Pregnancy
basal metabolic rate, 7
cesarean section

anesthetic drugs, 958–961
anesthetic techniques, 961–965, 963t–964t
newborn care, 965
pain management, perioperative, 965–966

drug contraindications
medetomidine, 219

local anesthesia and, 406
pharmacological alterations in, 957–958, 958f
physiological alterations in, 955–957, 956t

cardiovascular, 955–956
gastrointestinal, 956–957
kidney, 957
liver, 957
pulmonary, 956
uterine blood flow, 957

Preload, 79, 81f
Preload recruitable stroke work (PRSW), 84
Premedication

cats, 711–712, 712t
dogs, 711–712, 712t
neonates and geriatric patients, 988–989
orthopedic patients, 1010–1011
reptiles and amphibians, 872
trauma and critical patients, 977

Premonitory indicators of anesthetic depth, 536
Pressoreceptor reflex, 98t
Pressure gauges, 458, 458f
Pressure-volume loop, 77–79, 78f, 82f
Prevertebral ganglia, 163
Priapism, from acepromazine, 209
Prilocaine

antimicrobial activity, 397
chemical structure, 399t

Index ● 1087



Prilocaine (continued)
development of, 395
duration of action, 400, 401t
metabolism of, 408
properties of, 401t
topical application products, 407
toxicity, cardiovascular, 409
use in

cats, 595
dogs, 563
goats, 650

Primates, nonhuman
analgesia, 781–782
anesthesia

inhalation agents, 771–773
injectable agents, 776, 777t
monitoring, 776–780
preanesthetic medication, 766, 768, 768t
regimen selection, 766

capture and restraint, 798–799
drug usage

atipamezole, 799
carfentanil, 799
droperidol, 799
fentanyl, 799
ketamine, 787t, 799
medetomidine, 787t, 799
naltrexone, 799
Telazol, 340t, 799

endotracheal intubation, 777, 778f
handling and restraint, 770–771, 773f
pain assessment, 780–781
physiological data, 766t
postoperative care, 780
routes of drug administration, 770–771

PR interval, 72, 72f
Probarbital, duration of action, 275t
Procainamide, for arrhythmias, 542t, 974
Procaine

cesarean section patients, use in, 961
chemical structure, 400t
development of, 395
epidural use, 577t
metabolism of, 408, 924
plasma protein binding, 401t, 408
properties of, 401t
toxicity, 409, 410
use in

buffalo, 671f
cattle, 655, 656, 658
dogs, 576, 577t
goats, 650
horses, 623
parakeets, 22
ruminants, 644t
swine, 762

Procyonids, 789. See also specific species
Prodrugs, 9
Promazine, use in lions, 790
PROM (passive range of motion), 698
Pronghorn antelope

chemical immobilization, 824
drug usage

carfentanil, 824
succinylcholine, 791
thiafentanil, 824
xylazine, 824

hyperthermia, 824
weight, 824

Propallylonal, 275t
Propanolol, antiarrhythmic use of, 542t
Proparacaine

for eye anesthesia, 646
use in

cattle, 646
dogs, 561–562

Propofol
adverse effects, 292
cesarean section patients, use in, 959–960, 963t, 964t
combined use with

acepromazine, 291
detomidine, 292
medetomidine, 218
xylazine, 292

continuous infusion, 291
for diagnostic procedures, 1028t
drug interactions, 442t
geriatric animals, use in, 990t
hemodynamic effects, 83t
hepatic disease patients, use in, 922
indications for use, 292
induction of anesthesia, 291, 736, 1011
intraocular pressure, effect on, 945t, 949
mechanism of action, 291–292
milk, levels in, 965
neonates and geriatric patients, use in, 989
neuromuscular blockade and, 428
perfusion and pressure effects of, 905t
perivascular injection, 1039
pharmacokinetics, 291
physical properties, 291
renal system effects, 916t
respiratory system effects, 15, 900
romifidine use with, 225
trauma and critical patients, use in, 979
use in

birds, 855
cats, 219, 291, 292, 708, 710t, 711, 979
dogs, 291, 292, 708, 710t, 711
fish, 883, 885t
horses, 292
kangaroos, 800
marsupials, 800
primates, nonhuman, 777t
rabbits, 775t
reptiles and amphibians, 874, 876, 879t, 880
ruminants, 736
swine, 760
walruses, 836

Prostacyclin, 106, 253, 253f, 254
Prostaglandins

drug interactions, rule in, 446
NSAID effects on, 253–255
synthesis, 252–254, 253f

Protein, total serum, 187t, 193, 196
Protein binding

drug interactions and, 445
factors affecting, 10
of neuromuscular blocking agents, 426
at receptor sites, 11
in renal disease, 12

PRSW (preload recruitable stroke work), 84
Przewalski’s horses, drug usage in

carfentanil, 795
ketamine, 787t
medetomidine, 787t
perphenazine, 817

Pseudocholinesterase, 12, 422
PTT (partial thromboplastin), 554
Pulmonary barotrauma, anesthesia-associated, 1044
Pulmonary chemoreflex, description, 98t
Pulmonary disease, anesthesia in patient with, 899–902
Pulmonary edema, airway obstruction and, 938–939,

939t
Pulmonary mechanics, 120
Pulmonary system. See Respiratory system
Pulmonary ventilation, 121. See also Ventilation
Pulseless electrical activity (PEA), 1036
Pulse oximetry, 25, 550–551, 896

in birds, 859, 863
in dogs and cats, 713
in reptiles and amphibians, 878
in wildlife, 819

Pulse pressure in ruminants, 739, 740
Pulse-pressure waveform, 543, 545
Pulse quality, assessment of, 543–544, 546
Puma, ketamine use in, 790t
Pupillary light reflex, as indicator of anesthetic depth,

537
Pupils, anesthetic effects on, 15
Purkinje cells, 70, 71, 72–73
P wave, 72, 72f
Pyridostigmine, acetylcholinesterase activity of,

432–433
Python, Telazol use in, 342t

QRS complex, 72–73, 72f
QT interval, 72f, 73

Quinaldine, use in fish, 883, 885t
Quinidine

antiarrhythmic use, 542t, 928
use in

dogs, 928
horses, 1024

Rabbits
analgesia, 767t, 781–782
anesthesia

delivery systems, 773–774
inhalation agents, 772–773
injectable agents, 774, 775t, 776
monitoring, 776–780, 777f
preanesthetic medication, 766, 767t
regimen selection, 766

anesthetic drugs, 775t
blood-gas and acid-base values, 123t
drug usage

halothane, 359t
ketamine, 324t–325t
midazolam, 230
Telazol, 340t
urethan, 290

ear-pinch response, 16
endotracheal intubation, 504–506, 505f–506f,

777–778, 777f–778f
fluid administration volume, 781t
handling and restraint, 770, 772f–773f
pain assessment, 780–781
physiological data, 766t
postoperative care, 780, 781t
preanesthetic drugs, 767t
respiratory values, 123t
routes of drug administration, 770, 770t

Raccoon
anesthetic techniques, 789
drug usage

ketamine, 325t
Telazol, 340t

Radial nerve nerve block, in cats, 596–597, 597f
Radiation, effect on cancer pain, 1006
Radiation therapy, anesthesia for, 1030
Radiculalgia, defined, 33
Radiculitis, defined, 33
Ramping up, 538
Ranitidine, 972t
Ratel, Telazol use in, 337t
Rate of injection, effect on anesthesia, 10
Ratites, 859–864

anesthesia
complications, 864
induction, 860, 860t–861t
intubation, 860
maintenance, 863
monitoring, 863–864, 863f, 863t
preanesthetics, 860
recovery, 864

catheter placement, 860
injection sites, 860
preoperative assessment, 860
restraint, 859–860, 860f

Rats. See also Rodents
analgesic drugs, 767t
anesthetic drugs, 775t
blood-gas and acid-base values, 123t
digital (pedal) reflex, 16
drug usage

halothane, 909
Telazol, 340t

fluid administration volume, 781t
handling and restraint, 769f, 770, 772f
intraperitoneal injection, 769f
physiological data, 766t
preanesthetic drugs, 767t
respiratory values, 122t, 123t

Rattlesnakes, Telazol use in, 342t
Reabsorption, 9
Reactions, defined, 33
Rebreathing systems

circle systems, 476–481, 477f–479f, 480t
to-and-fro systems, 481, 481f

Recall, 535
Receptors
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heart failure and, 109t
interactions at tissue receptor sites, 11, 11t

Record keeping, 23–25, 26t
Recovery from anesthesia

in birds, 859
delayed, managing, 1042–1043
in dogs and cats, 713–715
general anesthesia

large animals, 28–29
signs, 16–17
small animals, 27–28

in horses, 726–727, 727f
in laboratory animals, 780, 780f
in orthopedic patients, 1014, 1016
in ratites, 864
in reptiles and amphibians, 878
in ruminants, 741
in swine, 751
in trauma and critical patients, 983
in wildlife anesthesia, 820

Rectal anesthesia, 3
Recumbency, hypoxemia and, 138, 139–140
Recurrent laryngeal nerve, 939
Red blood cells

blood groups, 191, 191t
normal values, 187t
survival times, 191t

Red deer, 823–824. See also Deer; Elk
Red pandas, drug usage in

ketamine, 787t, 789
medetomidine, 787t, 789

Reentry, cardiac, 70
Reference range, 17–18
Referred pain, 37
Reflexes. See also specific reflexes

anesthetic effects, 13, 14t, 15
cardiovascular, 98t
in cetaceans, 835
defined, 33
indicators of anesthetic depth, 536–537
pain response, 40, 41t
pulmonary, 98t

Reflex phase, of anesthesia, 538
Regional analgesia

defined, 5
respiratory depression, 937

Regional anesthesia
in cats

head, 596
intravenous, 598
limb, 596–597

for cesarean sections, 963t–964t, 964
for dental patients, 993–994, 994t
for ocular patients, 951
standing, 23
for trauma and critical patients, 979–980

Regional nerve block, complications of, 1044
Regulators, anesthesia machine, 458–459, 458f, 459f
Regurgitation

during anesthesia, 1043
description, 22
pregnancy and, 956–957

Rehabilitation and palliative analgesia
overview, 697
therapeutic modalities

aquatic based rehabilitation, 699, 699f
electrical stimulation, 700, 700f
local hyperthermia, 698
local hypothermia, 697–698
passive range of motion (PROM), 698
therapeutic exercise, 699, 699f
therapeutic massage, 698–699
therapeutic ultrasound, 699–700, 700f

Reindeer, drug usage in
ketamine, 318t, 787t, 788t
medetomidine, 787t, 788t
Telazol, 332t

Remifentanil, 245t, 248
Remote drug-delivery equipment, 810–813

blowgun, 811–812, 811f
darts, 812–813, 812f
overview, 810–811
pole syringe, 811, 811f
power projectile systems, 812

Renal blood flow (RBF)
anesthetic effects on, 915, 916, 916t
dopamine effect on, 918
regulation of, 915

Renal portal system, in birds, 849, 851, 853f
Renal system

acid-base balance, 172–173, 173f172
disorders

anesthetic choice, 917
drug distribution and elimination effects, 12
effect of renal insufficiency on anesthesia,

916–917
oliguria, postoperative, 916, 918
renal failure, general anesthesia contraindication,

22
urethral obstruction, 918
urinary bladder rupture, 918–919

dissociative anesthetic effects on, 303
in geriatric animals, 987, 987t
inhalation anesthetic effects, 379–380
monitoring in anesthetized patients, 552
in neonatal animals, 986, 986t
overview, 915
pregnancy, alterations in, 957
renal function

anesthetic effects on, 915–916, 916t
tests of, 918

support for trauma and critical patients, 982–983
Renin, 104, 105t, 106f
Renin-angiotensin system, 104, 106f
Replacement solutions, 187
Reptiles

anesthesia
inhalation anesthesia, 876–877
local anesthesia, 872
monitoring and supportive care

anesthetic depth, 877
cardiovascular, 877–878
respiratory, 878
resuscitation, 878
thermoregulation, 877

parenteral anesthesia
administration routes, 873, 873f, 874t, 875f,

875t, 876f
dissociative anesthetics, 873–874
propofol, 874, 876

patient preparation, 872
premedication, 872
protocols, 878, 879t, 880–881

chelonians, 879t, 880–881
crocodilians, 879t, 881
lizards, 879t, 880
snakes, nonvenomous, 879t, 880
snakes, venomous, 879t, 880

recovery, 878
biology, anatomy, and physiology, 869–870
endotracheal intubation, 506
physical restraint, 870–872

crocodiles, alligators, caiman, and gharial, 872, 872t
lizards, 871
snakes, nonvenomous, 870
snakes, venomous, 870–871
turtles and tortoises, 871

Telazol and Telazol combinations, 342t
Reservoir bag, circle breathing system, 477–478
Residual volume, 118, 118f, 123t
Resistance, airway, 120–121
Resistance to blood flow, 65–66
Resistance vessels, 90–91
Resolvins, 256
Respiration

anesthetic alteration of, 15, 129–135
control, 119–120
definition, 118
patterns

apneustic, 118
Biot’s, 118
Cheyne-Stokes, 118, 547
Kussmaul’s, 118

Respiratory acidosis, 125
Respiratory alkalosis, 125
Respiratory assist devices

demand valves, 529–530, 529f–530f
manual resuscitators, 529, 529f

Respiratory-depressant medications, 937
Respiratory insufficiency, management of, 1041
Respiratory minute volume, 15
Respiratory rate, mechanical ventilation guidelines, 514
Respiratory stridor, in horses, 719
Respiratory system

acid-base balance, 172
anesthetic effects, 14t
in birds, 841–851, 842f, 844f–850f, 844t, 851t
carbon dioxide transport, 127–128, 128t
clinical implications of altered respiration

cattle, 144–146, 145f
dogs and cats, 143–144
exotic species, 146
horses, 144–146, 145f
humans, 142–143
small ruminants, 144
swine, 144

control of respiration
anesthetic alteration of, 129–135
apneic threshold, 131–132, 132f

drug effects, 132–135, 133f, 135f
in conscious animals, 119–120
normal control mechanisms, 129–131, 131f

definitions, 118
drug effects

detomidine, 224
dissociative anesthetics, 303
inhalant and injectable drugs, 132–133, 133f
inhalation anesthetics, 375–377, 376f, 376t
medetomidine, 218
opioids, 133–134, 244
sedatives and hypnotics, 134–135, 135f
tranquilizers, 134
xylazine, 214–215

dysfunction
anesthetic considerations in patients with, 900–901
categories of, 900–901
intrapulmonary and extrapulmonary, 900

emergencies, management of, 1041
evaluation in horses, preanesthesia, 719
in geriatric animals, 987, 987t
monitoring

in anesthetized patients, 547–552
breathing rate, rhythm, and effort, 547, 547t
hemoglobin saturation with oxygen, 549–551,

550f, 551t
oxygen content, 551–552, 552t
PaCO2 (partial pressure of carbon dioxide), 548,

548t, 549f, 549t
PaO2 (partial pressure of oxygen), 548–549,

549t
venous admixture, 551, 551t
ventilometry, 548

in reptiles and amphibians, 877–878
in ruminants, 740

in neonatal animals, 986, 986t
overview, 117
oxygen transport, 126–127, 126t
pregnancy, alterations in, 956
preoperative assessment, 21
pulmonary disease, 899–902
reflexes and signs, 98t
reptiles and amphibians, 870
upper-airway obstruction, 128–129
ventilation, 119f

alveolar ventilation, effect of altered, 124–126,
125f

intrapulmonary matching of blood and gas,
121–124, 123t, 124f–125f

lung volumes, 118, 118f, 121, 122t
mechanical factors, 120–121
pulmonary, 121

ventilation-perfusion relationships
diagram of, 137f
positional changes, effect of, 138–139, 139f
species differences, 139–142

chest wall and pulmonary mechanics changes,
140–142

functional residual volume, 140, 140f, 141f
hypoxic pulmonary vasoconstriction, 139–140

ventilation-perfusion scatter, 135
V/Q mismatch, measurement of, 137–138

Responses, defined, 33
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Resting potential, 396
Restraint. See also Physical restraint

laboratory animal, 768–771, 769f, 771f–773f
ratites, 859–860, 860f

Resuscitation. See also Cardiopulmonary resuscitation
(CPR)

bags, 485
in reptiles and amphibians, 878

Reticular formation, 33–34
Reticulocytes, 187t
Retrobulbar anesthesia in dogs, 567, 567f
Retrobulbar injections, 951

in ruminants, 646, 647f, 648
Retrograde intubation, 507, 508f
Revex. See Nalmefene
Rhabdomyolysis, in horses, 726–727
Rhea, Telazol use in, 344t
Rhesus macaques. See also Primates, nonhuman

handling and restraint, 771
ketamine use in, 768t
physiological data, 766t

Rhinoceros
chemical immobilization, 827–828
drug usage

acepromazine, 795, 796t
atipamezole, 828
azaperone, 795, 796t, 797t, 828
butorphanol, 795
carfentanil, 795, 797t
chlorpromazine, 795
cyprenorphine, 797t
detomidine, 828
diprenorphine, 795, 828
doxapram, 828
etorphine, 795, 796t, 828
fentanyl, 796t
ketamine, 795
morphine, 795
nalorphine, 796t, 828
naloxone, 797t
naltrexone, 828
scopolamine, 795
xylazine, 828
yohimbine, 828

weight, 827–828
Rifle, Palmer, 812
Ring block

in dogs, 572
in ruminants

for dehorning in goats, 650
foot, 671
teat, 670, 670f

Ringtail, ketamine use in, 325t
Ring-tailed cat, 789
Risk, operative, 23
Rocuronium, 420, 424
Rodents. See also specific species

analgesia, 767t, 781–782
anesthesia

anesthetic chamber, 773–774, 773f
inhalation agents, 771–773
injectable agents, 774, 775t, 776
monitoring, 776–780
of neonates, 782, 782f
preanesthetic medication, 766, 767t
regimen selection, 766

endotracheal intubation, 129, 779, 779f
handling and restraint, 769–770

gerbils, 769
guinea pigs, 769, 771f
hamsters, 769, 770f
mice, 770, 771f, 772f
rats, 770, 772f

pain assessment, 780
physiological data, 766t
postoperative care, 780, 780f, 781t
routes of drug administration, 769, 769f, 770t
wild, 786

Rofecoxib, 261
Romifidine

analgesic use, 263, 263t
antinociceptive effects, 223f
cardiac arrhythmias, 112t
clinical uses, 225

overview, 224
pharmacokinetics and pharmacodynamics, 224–225
respiratory system effects, 135f
use in

goats, 668
horses, 626, 633, 721, 1021

Ropivacaine
chemical structure, 399t
development of, 395
duration of action, 400, 401t
epidural use, 577t
metabolism of, 408
plasma protein binding, 401t, 408
properties of, 401t
speed of onset, 398, 401t
toxicity

cardiovascular, 409–410
myotoxicity, 411
neurotoxicity, 410

use in
cats, 595–596
dogs, 573, 577t, 578
horses, 606, 622, 629
ruminants, 644t

Ruminal tympany, 244, 741–742, 808, 819
Ruminants. See also specific species

analgesia, 53t, 742–743
anesthesia

anterior epidural, 664, 666–669
for castration, 675–676, 676f
caudal epidural

agents, 660–661
continuous, 661, 661f
needle placement, 658–659, 658f

complications
intraoperative, 741–742
postoperative, 742

for foot, 671–672
induction, 733–736

barbiturates, 734
guaifenesin, 735
ketamine, 734–735
propofol, 736
tiletamine-zolazepam, 735–736

infiltration, 651, 651f
intra-articular, 675
for laparotomy, 650–658

continuous lumbar segmental epidural
anesthesia, 656–657, 656f

distal paravertebral thoracolumbar anesthesia,
652–653, 653f

infiltration anesthesia, 651, 651f
proximal paravertebral thoracolumbar

anesthesia, 651–652, 652f
segmental dorsolumbar epidural anesthesia,

653–656, 654f, 655f
thoracolumbar subarachnoid anesthesia,

657–658, 657f, 658f
for limbs

pelvic limb, 673–675, 674f, 675f
thoracic limb, 672–673, 673f, 674f

maintenance, 736–737
monitoring, 739–741, 740f
nerve blocks

auriculopalpebral nerve, 646, 647f, 648f, 649
axial digital nerves, 673, 673f
brachial plexus, 672
common peroneal nerve, 673–674, 674f
deep peroneal nerve, 674, 675f
dorsal antebrachial nerve, 673, 673f
foot, ring block for, 671
infraorbital nerve, 647f, 649
infratrocheal nerve, 650, 650f
internal pudendal nerve, 662–663, 663f
median nerve, 672–673, 673f
metatarsal nerves, 674–675, 675f
musculocutaneous nerve, 673, 673f
paravertebral, distal, 652–653, 653f
paravertebral, proximal, 651–652, 652f
paravertebral, sacral, 662, 662f
perineal nerve, 670
Peterson eye block, 648, 648f
retrobulbar, 646, 647f
superficial peroneal nerve, 674, 675f

teat, ring block for, 670, 670f
tibial nerve, 673–674, 674f
ulnar nerve, 647f, 673, 673f
zygomaticotemporal, 647f, 649, 650, 650f

for obstetric procedures, 658–661
patient, 731–732
recovery, 741
regional of the head, 646–650

for enucleation, 646, 647f–648f, 648–649
eye, 646
eyelids, 646, 647f
horn, 647f, 649–650, 650f
nasal, 647f, 649

sacral paravertebral, 662, 662f
sedation/restraint, 732–733
subarachnoid, 666, 668–669, 668f
supportive therapy

cardiovascular, 739
fluid administration, 738
patient positioning, 737–738, 738f
respiratory, 738–739

for teat and udder, 669–670, 669f–670f
displaced abomasum, 930
drug usage

ketamine, 309–310, 312t–313t, 314
Telazol, 314t
thiopental, 285
tolazoline, 225

endotracheal intubation, 128, 503, 736–737, 736t,
742

NSAID dosage ranges, 260t
preoperative preparation, 20–21
recovery, 29
rumen distension, 20
wild

Bovidae species, 791, 792t, 793
Cervidae species, 793–794

Ryanodine receptor, 74

Sacral paravertebral anesthesia, in ruminants,
662, 662f

Saffan, use in
cesarean section patients, 960
dogs and cats, 711
swine, 760

Salamanders. See Amphibians
Salicylate, 252
Saline solutions

hypertonic, 188, 971, 972t, 981, 1023
hypotonic, 188
isotonic, 188

Salivation
anesthesia depth and, 13
from dissociative anesthetics, 302
from xylazine, 215

Saphenous nerve block, in horses, 610, 611f
Sarcomeres, in cardiac muscle, 74, 75f, 76–77
Saturated vapor pressure, 361
Scavenging waste gases

overview, 486
recommendations for controlling, 486–487
systems, 487–488, 487f–488f

disposal system, 488, 488f
gas-collecting assembly, 487
interface, 488

Scopolamine, use in rhinoceros, 795
Sea lions

drug usage
ketamine, 327t
Telazol, 341t

overview of, 836–837
Seals

drug usage
ketamine, 326t–327t
Telazol, 341t

fur, 836
true, 837–838

Sea otters, 839
Secobarbital

distribution and fate, 279t
duration of action, 275t
historical and clinical data on, 276t

Second gas effect, 367, 758
Sedation, defined, 5, 13
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Sedatives. See also specific drugs
�2–agonists

chemical structures, 212f
detomidine, 212f, 222–224, 223f
medetomidine, 212f, 217–222, 217f, 219f–221f,

222t
overview, 210–212
receptors, 210–211, 211t
romifidine, 224–225
xylazine, 212–217, 212f, 213f, 214f, 216t

�2–antagonists
atipamezole, 226–227, 226f
chemical structures, 226f
overview, 225
tolazoline, 225, 226f
yohimbine, 225–226, 226f

approved drugs, 207
benzodiazepine agonists

chemical structures, 228f
diazepam, 228–229, 228f
midazolam, 228f, 229–230
overview, 227–228, 227f

benzodiazepine antagonists
flumazenil, 228f, 230–231
overview, 230

butyrophenones
adverse effects, 207t
azaperone, 210
overview, 207–208
receptor-binding affinities, 207t

cesarean section patients, use in, 959
hepatic disease patients, use in, 921
overview, 207
phenothiazines

acepromazine, 208–210, 208f, 209f
adverse effects, 207t
overview, 207–208
receptor-binding affinities, 207–208, 207t

respiratory system effects, 134–135
selection, 207

Segmental dorsolumbar epidural anesthesia, in horses,
618, 618f

Segmental thoracolumbar subarachnoid anesthesia, in
horses, 618–620, 619f

Seizures
causes

hepatic encephalopathy, 924
ketamine, 301
local anesthetics, 409
phenothiazines and butryophenones, 208
xylazine, 217

management in the perianesthetic period, 907–908,
908t

Selegiline, 247, 445
Semiclosed circle system, 480–481
Sensitization (windup), 19
Septic shock, 969–970
Serotonin syndrome, 247, 445
Serval, drug usage in

ketamine, 790t
Telazol, 335t

Sevoflurane
cardiac arrhythmias, 112t
cardiovascular disease, use in, 894–895
cerebral blood flow, effect on, 155
cesarean section patients, use in, 960, 963t, 964t
chamber/mask induction in dogs and cats, 712
chemical structure, 358f
for diagnostic procedures, 1028t
elimination of, 379–380
hepatic blood flow, effect on, 921, 922t
hepatic disease patients, use in, 923
minimum alveolar concentration (MAC), 371t–372t
ocular patients, use in, 948
partition coefficients, 359
perfusion and pressure effects of, 905t
physical and chemical properties, 357t
renal system effects, 916t
respiratory system effects, 132, 900
trauma and critical patients, use in, 979
use in

agoutis, 786
bats, 785
bears, 800

birds, 857, 857t
camels, 795
cats, 711, 712, 713t
cetaceans, 834
chinchillas, 786
dogs, 711, 712, 713t
hedgehogs, 801
horses, 725, 1022
laboratory animals, 772
manatees, 838
reptiles and amphibians, 879t
sea lions, 837
skunks, 788
stoats and weasels, 789
swine, 757t

vaporizer settings for dogs and cats, 713t
Sex, effect on general anesthesia, 7
Shear stress, blood flow and, 66
Sheep

alveolar hemorrhage and edema from xylazine, 134,
136f

analgesics, doses of, 53t
anesthesia

anterior epidural, 667
anterior subarachnoid, 668–669
caudal epidural, 659
paravertebral thoracolumbar, 652

blood chemistry and tematologic normal values,
187t

blood-gas and acid-base values, 123t
blood groups, 191t
blood pressure, 740–741
breathing rate, 740
cesarean section, 963t
drug usage

acepromazine, 732
Althesin, 288
atipamezole, 668
butorphanol, 250t, 251, 733, 735
carprofen, 260
detomidine, 667–668, 732–733
diazepam, 733
ephedrine, 669
guafenesin, 735
hydromorphone, 667–668
idazoxan, 733
ketamine, 310, 312t–313t, 317t, 734, 787t
lidocaine, 659, 663, 666–667
medetomidine, 787t
metaraminol, 669
methadone, 668
methoxamine, 669
morphine, 667–668
naloxone, 668
pentobarbital, 283
Telazol, 314t, 330t
tiletamine-zolazepam, 735
xylazine, 215, 216, 216t, 667–668, 732
yohimbine, 733

electroimmobilization, 296
endotracheal intubation, 503
heart rate, 739
internal pudendal nerve block, 663
nasotracheal intubation, 737
RBC survival time, 191t
in research environment, 768
respiratory alteration during anesthesia, clinical im-

plications of, 144
respiratory values, 122t, 123t
rumen distension, 20

Shivering thermogenesis, 552
Shock

cardiogenic, 895, 974
compensatory mechanisms, 895–896
defined, 895, 969
drug uptake, effect on, 10
hemorrhagic, 970–973
hypovolemic, 895
irreversible, 970
multiple organ dysfunction syndrome (MODS), 970,

971f
preoperative correction of, 21
septic, 969–970
spinal, 973–974, 973f, 973t

systemic inflammatory response syndrome (SIRS),
969–970, 970t, 971f, 972t

vasculogenic, 895
Shoulder block, 613, 614f
Shunt flow, 138, 138f
Shutoff valves, emergency, 455f
Sickness syndrome, 19
SID (strong ion difference), 178, 179, 179t
Siemens vaporizer, 466t, 472
Sinoatrial node, 71, 71f, 72f
SIRS (systemic inflammatory-response syndrome), 20
Skeletal muscle relaxants. See Muscle relaxants
Skin, perfusion, 8t
Skinks, ketamine use in, 323t
Skunks, drug usage in

isoflurane, 788
ketamine, 323t, 788
sevoflurane, 788
Telazol, 340t
xylazine, 788

Sloths, Telazol use in, 340t
Slough, from perivascular injection, 287, 1039, 1041
Small animals. See also specific species

�2–agonist use in, 211–212
general anesthesia

biological variation, 7
recovery, 27–28

ventilators for, 517–525, 518f–522f, 524f
Snakes

drug usage
ketamine, 325t
Telazol, 342t

IM injections, 873
nonvenomous

anesthetic protocols, 879t, 880
physical restraint, 870

vascular access, 873, 873f, 874t
venomous

anesthetic protocols, 879t, 880
physical restraint, 870–871

Snow leopards. See Leopards
Soda lime, 479, 479f
Sodium

hypernatremia, 197
hyponatremia, 196–197
monitoring in anesthetized patients, 554
normal values for species, 187t

Sodium bicarbonate. See also Bicarbonate
added to local anesthetic, 404–405
CPR-associated use, 1038
dose calculation, 189
drug interactions, 442t
indications for use, 189
SIRS (systemic inflammatory-response syndrome),

972t
use during resuscitation, 974

Sodium channels, local anesthetic effect on, 396–397,
396f, 397f

Sodium chloride, 189
Sodium ion-potassium ion (Na+-K+) pump, 71
Sodium nitroprusside, 442t
Sodium-potassium pump, 185
Soft palate, elongated, 937
SO2 (hemoglobin-oxygen saturation), 550, 551, 552,

552t
Solitary-tract nucleus, 99f
Solubility

of gases, 362–364
inhalation anesthetics, 367–368, 367f

Solutions, drug incompatibilities and, 440
Somatic, defined, 33
Somatic afferent fibers, 153
Somatic efferent fibers, 153
Somatosensory evoked potentials, 910
Specific gravity, defined, 405
Specific heat, 463
Sphincter vessels, 91
Sphygmomanometry, 544
Spinal accessory nerve, 155, 156f, 156t
Spinal anesthesia

for cesarean sections, 964
differential spinal blockage, 402–403

Spinal cord
cauda equina, 156, 157f
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Spinal cord (continued)
descending inhibitory pain pathways, 38, 39f
description, 156–158
nociceptive pathways, 34–35, 34f–35f
spinal facilitation of pain (windup), 37–38, 37f
transverse section, 157f

Spinal injury, 976
Spinal nerves, 160, 161f
Spinal shock, 973–974
Spinocervicothalamic tract, 34, 34f
Spinoreticular tract, 34–35, 35f
Spironolactone, use in congestive heart failure therapy,

893t
Splash block, 951
Splitting ratio, 463
Springbok, drug usage in

azaperone, 797t
carfentanil, 797t
cyprenorphine, 797t
naloxone, 797t
Telazol, 332t
xylazine, 797t

Squirrels, drug usage in
ketamine, 326t, 786, 787t
medetomidine, 786, 787t
Telazol, 340t

Stages of general anesthesia, 12–15, 14t
Starling’s law of the capillary, 93f
Starvation

drug detoxification rate, effect on, 10
hypoglycemia, 20

Steenbok, drug usage in
azaperone, 797t
carfentanil, 797t
cyprenorphine, 797t
naloxone, 797t
xylazine, 797t

Stenotic nares, 938
Stephens-Slater system, 484–485, 485f
Stephens vaporizer, 466t, 469, 469f
Steroids, for cancer pain, 1006
Stifle block, 615–616, 616f
Stoats, 788–789
Storks, Telazol use in, 345t
Stress response, 19–20, 20t, 40
Stroke volume, 79
Strong ion difference (SID), 178, 179, 179t
Structure-activity relationships, 273–274
ST segment, 72f, 73
Subarachnoid anesthesia

for cesarean sections, 964
historic use, 3
in horses

continuous caudal, 627–630, 629f, 630f
segmental thoracolumbar, 618–620, 619f

in ruminants, 657–658, 657f, 658f, 666, 668–669,
668f

Subarachnoid space, 158
Sublimazel. See Fentanyl
Substance P, 36, 38
Subthalamus, 154
Succinylcholine

cesarean section patients, use in, 960–961
flaccid paralysis from, 422
hepatic disease, use in patients with, 924
hyperkalemia from, 916
intraocular pressure, effect on, 945t
introduction of, 420
neuromuscular block, drugs that intensify, 11t
nonneuromuscular effects

hyperkalemia, 426
intracranial pressure, 426
intragastric pressure, 426
intraocular pressure, 426
muscle responses, 426–427

pharmacology, 422–423
pseudocholinesterase and, 423
recovery from, 433
structure, 422
use in

cats, 423t
dogs, 423t
elk, 794
horses, 423t

mountain lions, 790
pronghorn antelope, 791
swine, 749, 761

wildlife capture, use in, 813
Sucralfate, 972t
Sufentanil

description, 248
dosage ranges, 245t
milk, levels in, 965

Suffering, 33, 36
Sugar gliders, 800–801
Sulfobromophthalein (BSP), liver disease and, 921
Sulfur hexafluoride, for ocular patients, 948
Superficial peroneal nerve

block in ruminants, 674, 675f
stimulation in dogs, 429f

Supportive care
for neonates and geriatric patients, 989–990
for orthopedic patients, 1013–1014
in reptiles and amphibians, 877–878
in wildlife, 818–819, 819f

Supraorbital (frontal) nerve block
description, 951
in horses, 606, 606f, 607f

Surgical anesthesia, defined, 5
Surgical anesthesia, stage of, 13
Sustained release vehicles, for local anesthetics,

400–401
Swallowing reflex

anesthetic effects, 13, 15
as indicator of anesthetic depth, 537

Swans, Telazol use in, 344t
Swimming reflex, 835
Swine

analgesics, doses of, 53t
anesthesia

induction, 751, 757t
inhalation, 756, 758–759

carbon dioxide-oxygen mixture, 758–759, 759f
injectable drugs

�2–agonists, 752–753
barbiturates, 753–754
dissociative drugs, 754–755
drug combinations, 755–756
opioids, 759–760
parasympatholytic drugs, 751–752
tranquilizers, 752

injection sites for, 748–749, 748f, 749f
lumbosacral epidural, 664–666, 665f
monitoring, 751
preanesthetic drugs, 757t
preparation for, 747–748
recovery, 751
restraint, 748
tracheal intubation, 749–750, 750f, 750t

blood chemistry and tematologic normal values, 187t
blood groups, 191t
breed variations, 747
cesarean section, 964t
drug usage

acepromazine, 757t
alfentanil, 666
Althesin, 288
atipamezole, 665, 752, 755
atropine, 751, 754, 757t
azaperone, 210, 752–754, 756, 759
brotizolam, 752
buprenorphine, 751, 759
butorphanol, 751, 756, 757t
chloral hydrate, 289
chloralose, 760–761
clonidine, 666
dantrolene, 433, 761–762
desflurane, 758
detomidine, 665, 752
diazepam, 752–753, 757t
doxapram, 754
droperidol, 752
enflurane, 756, 758
etomidate, 760
fentanyl, 751, 757t, 759
flumazenil, 231, 752, 755
flurazepam, 752
glycopyrrolate, 751–752

guaifenesin, 433, 751, 756
halothane, 756, 758
Innovar-Vet, 752, 759
isoflurane, 756, 757t, 758
ketamine, 315, 315t–316t, 325t, 666, 751–756,

757t, 759
lidocaine, 665–666
lorazepam, 752
medetomidine, 752, 756, 757t, 760
methohexital, 754
metomidate, 756, 760
midazolam, 229–230, 752, 754
nalbuphine, 751, 759–760
naloxone, 760
nitrous oxide, 758
opioid agonists, 245t
oxymorphone, 755, 757t
pentazocine, 751
pentobarbital, 283, 753–754
phenylephrine, 751
procaine, 762
propofol, 760
sevoflurane, 757t
succinylcholine, 749, 761
Telazol, 315t, 666, 754–756, 757t
thiamylal, 753–754, 757t
thiopental, 285, 753–754, 757t
tiletamine, 754
tolazoline, 752–753
xenon, 759
xylazine, 665–666, 751–753, 755–756, 757t, 759
yohimbine, 752–753, 755
zolazepam, 752, 754–755

endotracheal intubation, 128, 502–503, 502f
eyeball position, 15
malignant hyperthermia, 380, 761–762
opioid agonist-antagonist dosage ranges, 250
RBC survival time, 191t
in research environment, 768
research use of, 747
respiratory alteration during anesthesia, clinical

implications of, 144
respiratory values, 122t
vascular access, 747
wild and feral, 791

Symmetrel. See Amantadine
Sympathetic nervous system

adrenoreceptors, 100–103, 100t, 102t
cardiovascular system and, 97–103, 99f
description, 163–164
distribution, 99f, 101f, 163f
neurotransmission, 98, 100
overview, 97–98

Syndrome of inappropriate secretion of antidiuretic
hormone (ADH), NSAID induction of, 256

Synergism, defined, 448
Syrinx, 843
Systemic inflammatory-response syndrome (SIRS), 20,

969–970, 970t, 971f, 972t
System international, conversion to conventional units,

194t

T3, congestive heart failure therapy and, 894t
Tachycardia

from anticholinergics, 203, 204, 206
from atipamezole, 226–227
causes, 541t
management of, 1035t
monitoring perioperative, 540
treatment, 541t

Tachyphylaxis, 413
Tachypnea, 118, 125, 547t
Tahr, drug usage in

ketamine, 787t
medetomidine, 787t
Telazol, 330t

Tail pinch, 16
Talwin. See Pentazocine
Tapir

chemical immobilization, 824
drug usage

acepromazine, 824
butorphanol, 824
etorphine, 799t, 824
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ketamine, 824
naltrexone, 824
Telazol, 341t
xylazine, 824
yohimbine, 824

weight, 824
Tapotement, 698
Tarsal block, 614, 614f, 615f
Tasmanian devil, Telazol use in, 341t
Ta wave, 72, 73
Tayra, Telazol use in, 341t
TCM (traditional Chinese medicine), 683
Teals, Telazol use in, 345t
Tear production, during anesthesia, 944
Teat anesthesia in cattle, 669–670
Teat-cistern infusion, 670, 670f
Tec vaporizers

Mark 2, 466t, 470f, 471, 471f
Mark 3, 465f, 466t, 470–471

Teeth, anesthesia of
in cats, 596
in dogs, 568
in horses, 608

Telazol
adverse effects, 1011
combined with

acepromazine, 305t, 307t
atropine, 314t
butorphanol, 305t, 311t, 314t
detomidine, 311t
ketamine, 307t, 311t, 316t, 710t
medetomidine, 817
xylazine, 305t, 307t, 311t, 314t, 316t, 710t,

817
in concentrated form, 810
flumazenil for reversal of, 230–231
hepatic disease patients, use in, 923
orthopedic patient, use in, 1011
premedication use, 712t, 1011
use in

acouchi, 337t
antelope, 330t
aoudad, 330t
armadillos, 786
badger, 337t, 789
bats, 785
bears, 335t–336t, 800, 825
binturong, 336t
bison, 330t, 793, 824
blesbuck, 330t
bushbuck, 330t–331t
cacomistle, 332t
camelids, 736
Cape hunting dogs, 332t
caracal, 333t
carnivores, 332t–337t
cats, 306, 308t, 333t, 710t, 712t
cattle, 314t, 735
cesarean section patients, 960
cheetahs, 334t, 826–827
chimpanzee, 337t
chinchilla, 337t
civets, 336t
collared peccary, 340t
coyote, 332t
deer, 793, 823
dogs, 304–305, 305t, 332t, 710t, 1011
duiker, 331t
eland, 331t
elk, 332t, 824
fanaloka, 337t
ferrets, 337t, 788
foxes, 332t–333t
gazelle, 331t–332t
genet, 337t
gerbil, 338t
gnus, 330t, 332t
goats, 330t
greater kudu, 332t
guinea pig, 338t
hamster, 338t
hedgehogs, 338t, 801
horses, 311t, 338t, 633, 723t, 724
hyenas, 338t, 828

impalas, 332t
jaguar, 334t, 825
jaguarondi, 334t
kangaroos, 338t, 800
kinkajou, 338t
koala, 339t
leopards, 333t, 334t
linsand, 337t
lions, 334t
llamas, 314t
lynx, 825
marine animals, 341t
marsupials, 800–801
mice, 339t, 775t
mink, 339t
mongoose, 337t
monkeys, 339t, 340t
moose, 332t, 824
mountain lion, 335t, 825
nutria, 338t
nyala, 332t
ocelot, 335t
opossums, 801
otter, 339t
pacarana, 339t
pandas, 339t
phalanger, 340t
polar bears, 336t, 825, 838
primates, 340t, 799
rabbits, 340t
raccoon, 340t
ratel, 337t
rats, 340t, 775t
red deer, 824
reindeer, 332t
reptiles and amphibians, 874, 879t, 880
ruminants, 735–736
sea lions, 341t, 836–837
seals, 341t, 837
sea otters, 839
serval, 335t
sheep, 314t, 330t, 735
skunks, 340t
sloths, 340t
springbok, 332t
squirrels, 340t
swine, 315t, 665, 666, 754–756, 757t
tahr, 330t
tapir, 341t
Tasmanian devil, 341t
tayra, 341t
tigers, 335t, 790
trauma and critical patients, 979
wolves, 333t
wombat, 341t
zebu, 332t

use in wildlife immobilization/capture, 815
Telazol-ketamin-xylazine (TKX), 306, 755–756
Telencephalon, 153–154
Temgesic. See Buprenorphine
Temperature. See also Hyperthermia; Hypothermia

monitoring anesthetized patients, 552–553, 714,
1013

Tenectomy, anesthesia for, 596
TENS (transcutaneous electrical nerve stimulation), 5,

692, 700
Tepoxalin

description, 261
dosage ranges, 259t
use in

cats, 1015t
dogs, 1002t, 1015t

Teratogenecity, 12
Terminal ganglia, 163
Terrain, effect on wildlife capture, 808, 808f
Testicle

castration in ruminants, 675–676
intratesticular injection, 676, 676f

Tetanic stimulation, 430, 431f, 431t
Tetracaine

cesarean section patients, use in, 961
chemical structure, 400t
density of, 405
development of, 395

duration of action, 400, 401t
metabolism of, 408, 924
properties of, 401t
toxicity

after ingestion, 410
cardiovascular, 409
CNS, 409
neurotoxicity, 410, 411

use in ruminants, 644t
Tetracycline

neuromuscular actions, 429
use in dogs, 561–562

Thalamus, 153–154
THAM (tromethamine), 189–190, 974
Thermal/burn trauma, 976–977
Thermal conductivity, 463
Thermal effects of ultrasound, 699
Thermogenesis

nonshivering, 552
shivering, 552

Thermoregulation. See also Hyperthermia;
Hypothermia

azaperone effect on, 210
in reptiles and amphibians, 877

Thiafentanil (A-3080)
hazards of use, 810
use in

pronghorn antelope, 824
wildlife capture, 814

Thialbarbitone, 277t
Thiamylal

cardiac arrhythmias, 112t
duration of action, 275t
hematologic effects, 278t
historical and clinical data on, 277t
potency, 285
structure, 285
use in

dogs, 285
sea lions, 836
swine, 753–754, 757t

Thiobarbiturates. See also Thiamylal; Thiopental
cardiac arrhythmias, 112t
chylomicrons, localization in, 10
hepatic disease, use in patients with, 922
historical and clinical data on, 277t
historic use, 3
tissue equilibration, 8
use in

horses, 724–725
swine, 753

Thiobutabarbital, use in rats, 776
Thiopental

cardiovascular system effects, 284, 285t
arrhythmias, 112t, 284

cesarean section, use in, 962, 963t
combined use with

guaifenesin, 285, 433
medetomidine, 218
romifidine, 225
xylazine, 212

distribution and fate, 279t
drug interactions, 442t
duration of action, 275t, 284, 284f
glucose effect, 280, 280t
hematologic effects, 278t, 285t
historical and clinical data on, 277t
historic use, 3
induction with, 284–285, 1011
intraocular pressure, effect on, 949
lipid solubility, 8
metabolism of, 284
milk, levels in, 965
neuromuscular blockade and, 428
perfusion and pressure effects of, 905t
perivascular injection, 1039
recovery, 284
recovery time with low blood volume, 10
renal system effects, 916t
respiratory system effects, 284
storage, 284
tissue equilibration, 9t
use in

armadillos, 785

Index ● 1093



Thiopental (continued)
buffalo, 793
camels, 795
cats, 284, 708, 710t
cetaceans, 834–835
chinchillas, 786
dogs, 284, 708, 710t
horses, 284, 285, 285t, 723t, 724–725, 907
kangaroos, 800
marsupials, 800, 801, 801t
opossums, 801
ruminants, 285
sea lions, 836
swine, 285, 753–754, 757t

Thiopentone, use in rabbits, 775t
Third space loss, 196, 1034
Third ventricle, 158, 159f
Thoracentesis, 901
Thoracic drain placement, 1027–1028
Thoracic pump theory, 1037
Thoracic trauma, 976
Thoracotomy pain, control of, 980
Thromboelastography, 554
Thromboxanes, 253, 253f
Tibial nerve block

in cats, 597, 598f
in horses, 610, 611f
in ruminants, 673–674, 674f

Tibiotarsal block, 614–615, 614f
Tick paralysis, 428
Tidal volume (VT), 118, 118f, 119f, 121, 514, 548
Tigers

drug usage
isoflurane, 791f
ketamine, 321t, 787t, 790t
medetomidine, 787t
Telazol, 335t, 790

endotracheal intubation, 791
Tiletamine

combined with zolazepam (see Telazol)
respiratory system effects, 900
use in

horses, 633
swine, 754

Tilting anesthetized patients, 21–22
Timolol, for glaucoma, 947
Tissue factor, 1020
Titratable acidity, 172
TKX (Telazol-ketamine-xylazine), 306, 755–756
Toads. See Amphibians
To-and-fro system, 481, 481f
TOF (train-of-four) pattern of stimulation, 430, 431f,

431t
Tolazoline

chemical structure, 226f
clinical uses, 225
pharmacokinetics and pharmacodynamics, 225
use in

birds, 855
bison, 793
cattle, 667, 733
llamas, 733
moose, 824
swine, 752–753
wildlife, 816

Tolfenamic acid
description, 261
dosage ranges, 259t
use in cats, 1003t

Toll-like receptors, 1019–1020
Tonicaine, 400
Topical anesthesia

in cats, 595
in dogs, 561–563

Torbugesic. See Butorphanol
Tortoises. See Chelonians
Total blood volume, species differences in, 186t
Total body water, 185
Total lung capacity, 118, 118f, 123t
Total spinal anesthesia, 576
Toxicity. See also specific drugs; specific organs

local anesthetics, 408–412, 409f
oxygen, 512

Trachea, hypoplastic, 938

Tracheal insufflation, for oxygen delivery, 511
Tracheal intubation. See Endotracheal intubation
Tracheal mucosal injury, anesthesia-associated, 1044
Tracheostomy

emergency, 939
endotracheal intubation through, 497–498, 498f, 508,

509f
in horses, 719
overview, 508

Tracheostomy tube, 497, 498f, 508
Tracheotomy, preoperative, 21
Traditional Chinese medicine (TCM), 683
Train-of-four (TOF) pattern of stimulation, 430, 431f,

431t
Tramadol

for cancer pain, 1005
for dental patients, 995t
description, 264
use in

cats, 263t, 995t, 1003t, 1015t
dogs, 263t, 994, 995t, 1002t, 1015t
horses, 632, 633–634

Tranquilization, defined, 5, 534
Tranquilizers. See also specific drugs

for cesarean section patients, 959
hepatic disease, use in patients with, 921
metabolic rate, effect on, 10
premedication use in orthopedic patients,

1010–1011
respiratory system effects, 134, 899–900
use in swine, 752

Transcutaneous electrical nerve stimulation (TENS), 5,
692, 700

Transdermal fentanyl patches. See Fentanyl, patch
Transfusion

plasma, 190
whole blood, 190–192, 191t

Transmembrane potential, cardiac, 70f, 71f, 72f
Trauma

airway, 937–938
anesthesia in trauma patients

induction, 977–979
maintenance, 979
premedication, 977
recovery, 983
regional, 979–980
support

inotropic, 975t, 981–982
intraoperative, 980
perioperative fluid, 980–981
renal, 982–983
temperature, 982

management
head trauma, 975–976
thermal/burn trauma, 976–977
thoracic and abdominal trauma, 976

in wildlife immobilization and capture, 820
Trexonil. See Nalmefene
Tribromoethanol, 775t, 776
Tricaine methane sulfonate (MS-222), 879t, 880,

882–883, 885t
Tricyclic antidepressants, for cancer pain, 1006
Triflupromazine, use in buffalo, 793
Trigeminal nerve, 155, 156f, 156t, 566
Trigeminal system, 35, 35f
Triple drip, use in swine, 751, 756
Trochantric bursa block, 616f
Trochlear nerve, 155, 156f, 156t
Tromethamine (THAM), 189–190, 974
Tropomyosin, 74, 75f
Troponin, 74, 77, 87
Tsessebe, drug usage in

azaperone, 797t
carfentanil, 797t
cyprenorphine, 797t
naloxone, 797t
xylazine, 797t

Tubocaine, use in cattle, 655
Tumor necrosis factor � (TNF-�), endotoxin effects on,

1020
Tuohy needle, 569–570, 569f, 570f, 580–581, 618, 627,

657, 657f
Turbulence, flood flow, 67–68, 68f
Turtles. See Chelonians

T wave, 72f, 73
Tympany, ruminal, 244, 741–742, 808, 819

Udder
anesthesia in cows, 669–670
nerve supply, 669f

Ulcers, corneal, 742, 951, 1044
Ulnar nerve block

in cats, 596–597, 597f
in horses, 610, 611f
in ruminants, 673, 673t, 674f

Ulnar nerve stimulation in a dog, 430f
Ultiva. See Remifentanil
Ultrasound

anesthesia for, 1030
disease processes present in patients, 1031t
therapeutic, 699–700, 700f

Underdamping, 545, 545f
University of Melbourne Pain Scale (UMPS), 43
Upper-airway obstruction, 128–129
Upper-airway reflexes, 15
Urea, normal values for species, 187t
Urethan (urethane), 290, 775t, 776
Urethral obstruction, 918
Urinary bladder

catheterization, 21
rupture of, 918–919

Urinary phosphate concentration, 172
Urination, preinduction, 21
Urine output, monitoring in anesthetized patients, 552
Ursids, 800. See also Bears
Use-dependent block, 397
USP Drug Information, 439
USP-NF, 442
Uterine blood flow, 957
U waves, 73

Vagovagal reflex, 98t
Vagus nerve, 156, 156f, 156t
Valvular heart disease, 892
Van’t Hoff’s law, 12
Vapor, defined, 358
Vaporizers

barometric pressure effect on function, 463–464
calculation of anesthetic concentration delivered by,

362, 362f
classification, 465–468, 466f–467f, 466t

agent specificity, 467
method of vaporization, 466, 466f, 467f
regulation of output, 466
resistance, 468
temperature compensation, 467
vaporizer location, 466, 467f

compensatory mechanisms for, 463
filling, 464, 464f, 465f
in-circuit (VICs), 468–469, 468f–469f

Ohio #8 glass-bottle, 468–469, 468f–469f
overview, 467f, 468
Stephens, 469, 469f

maintenance, 474
out-of-circuit (VOCs), 469–474, 470f–474f, 470t

measured-flow vaporizers, 472–474, 473f, 474f
Ohio calibrated, 471–472
overview, 467f, 469–470
Siemens, 472
Tec vaporizers

Flutee Mark 2, 470f, 471, 471f
Tech Mark 3, 470–471

Vapor vaporizers, 471
overview, 462
physics of design and function, 462–463
placement in series, 464
problems with, 464–465, 464f–465f
wrong anesthetic, use of, 474–475

Vapor pressure, 360–362, 361f
Vapor vaporizer, 466t, 471, 471f, 472f
Vascular compliance, 92
Vascular function curve, 83–84, 85f
Vasculature

anatomy, 62–63, 86–87
local control systems, 105–107
role of, 86, 88f, 89f
smooth muscle contraction, 87–88, 90f
vascular disease, 111–112
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vessel types, 88–94
arteries, large, 89–90
arteriovenous shunts, 91
capillaries, 91–92, 93f
resistance vessels, 90–91
sphincter vessels, 91
veins and venules, 92, 94

Vasculogenic shock, 895
Vasoconstrictors, added to local anesthetic, 404
Vasomotor center, 97
Vasomotor tone, monitoring in anesthetized patient,

541, 542t
Vasopressin (antidiuretic hormone)

cardiovascular indications and doses, 542t
control of, 97
CPR use of, 1038
description, 105
for hypotension in trauma and critical patients, 982
tracheal administration of, 1038

Vasovagal reflex, description, 98t
VAS (visual analogue scale), for pain assessment, 19,

42–43, 42f
Vecuronium

cesarean section patients, use in, 961
dantrolene, use with, 434
development of, 420, 424
elimination of, 422
hemodynamic effects, 83t
intraocular pressure, effect on, 945t, 951
metabolism and excretion, 427
myasthenia gravis, use in, 428
onset and duration of action, 424
pharmacology, 424
use in

birds, 858, 952
cats, 423t
dogs, 423t, 428
horses, 423t
humans, 424
ratites, 864

Vedaprofen, 262
Veins, 89f, 92, 94
Venipuncture, for fluid-administration, 195
Venorespiratory reflex, description, 98t
Venous access, for dogs and cats, 707
Venous admixture, 138, 138f, 551, 551t
Ventilation

alveolar ventilation, effect of altered, 124–126,
125f

assessing, 25, 27t
birds

anesthesia effects on, 850–851
body position effects on, 851
control, 847
gas-exchange variables, 851t
mechanical positive-pressure, 849–850
monitoring, 863–864
unidirectional, 851

in conscious animals, 118–126
controlled, 901–902

adjustable components of respiratory cycle,
901–902, 902t

inspiratory-expiratory ratio, 902, 902t
length of expiratory phase, 902, 902t
length of inspiratory phase, 902, 902t
mean airway pressure, 902, 902t
peak airway pressure, 902, 902t

side effects of, 902
diagram of process, 119f
hyperventilation, 125, 902, 904
hypoventilation

colic surgery in horses, 1023
description, 125, 902
management of, 1034t
obesity and, 931
wildlife capture and, 822

intrapulmonary matching of blood and gas, 121–124,
123t, 124f–125f

lung volumes, 118, 118f, 121, 122t
mechanical/controlled (see Mechanical ventilation)
mechanical factors, 120–121
monitoring anesthetized patients, 548, 1013
pattern, factor affecting, 899, 900t
physiology of, 899

preanesthetic and anesthetic drug effects on,
899–900

pregnancy effects of, 956
preoperative assessment, 21
pulmonary, 121

Ventilation-perfusion relationships
diagram of, 137f
positional changes, effect of, 138–139, 139f
species differences, 139–142

chest wall and pulmonary mechanics changes,
140–142

functional residual volume, 140, 140f, 141f
hypoxic pulmonary vasoconstriction, 139–140

ventilation-perfusion scatter, 135
V/Q mismatch

measurement of, 137–138
wildlife capture and, 822

Ventilators
classification, 515–516, 516t
double-circuit, 515, 515f
guidelines for use, 517
hazards associated with use, 528–529
for large animals

Drager Large Animal Anesthesia Ventilator, 525
Mallard Medical Rachel Model 2800 Anesthesia

Ventilator, 217f, 527–528
Markovet E Electronic Large Animal Control

Center, 525–527, 525f–526f
Vet-Tec Model 3000 Large Animal Anesthesia

Ventilator, 528
overview, 514–515
for small animals

ADS 1000 Veterinary Anesthesia Delivery System
and Critical Care Ventilator, 524–525, 524f

Drager Small Animal Ventilator (SAV), 517–518,
518f

Hallowell EMC Model 2000 Small Animal
Veterinary Anesthesia Ventilator, 518–520,
518f–519f

Mallard Medical Model 2400V Anesthesia
Ventilator, 520–521, 520f

Metonatic Veterinary Ventilator, 521–522, 521f
Ohmeda 7000 Electronic Anesthesia Ventilator,

522–523, 522f
Vet-Tec Small Animal Ventilator (SAV-75),

523–524, 524f
Ventilatory pattern, factors affecting, 899, 900t
Ventilometry, 548
Vent reflex, 16
Ventricular-arterial coupling, 84, 86, 86f
Ventricular-vascular coupling

overview, 83
vascular function curve, 83–84, 85f
ventricular-arterial coupling, 84, 86, 86f

Venules, 89f, 92, 94
Verapamil

antiarrhythmic use, 542t
dantrolene, combined use with, 434

Verni-Trol vaporizer, 466t, 472–474, 474f
Vertebral ganglia, 163
Vertebral sympathetic ganglia, 160
Vestibulocochlear nerve, 155, 156f, 156t
Vetaflex 5 veterinary anesthesia machine, 456f, 460f
Veterinary Anesthesia and Surgery Association (Japan), 4
Vet-Tec Model 3000 Large Animal Anesthesia

Ventilator, 528
Vet-Tec Small Animal Ventilator (SAV-75), 523–524,

524f
Vinbarbital, duration of action, 275t
Viscosity, blood, 65, 66, 67, 67f
Visual analogue scale (VAS), for pain assessment, 19,

42–43, 42f
Visual evoked potentials, anesthesia for, 910
Vital capacity, 118, 118f
Vitamin E, 11
Vitreous humor, 946
VMS anesthesia machine, 477f
Voles, 786
Voluntary movement, stage of, 13
Volutrauma, 902
Vomiting

from medetomidine, 218, 220
from opioids, 243
from xylazine, 215, 306, 927

Vomiting reflex, anesthetic effects on, 13, 15
Vultures, ketamine use in, 329t
Vulva, anesthesia of in horses, 634

Wallaby, drug usage in
etorphine, 799t
ketamine, 326t, 788t
medetomidine, 788t

Walruses, 836
Wapiti. See Elk
Warthog, drug usage in

azaperone, 797t
carfentanil, 797t
cyprenorphine, 797t
naloxone, 797t
xylazine, 797t

Water
preanesthetic patient preparation and, 21
total body, 185

Waterbuck, drug usage in
acepromazine, 792t
azaperone, 797t
carfentanil, 797t
cyprenorphine, 797t
diprenorphine, 792t
etorphine, 792t
fentanyl, 792t
nalorphine, 792t
naloxone, 797t
xylazine, 792t, 797t

Weasels, 323t, 788–789
Weather, effect on wildlife capture, 808
Whales, 835
White blood cells, barbiturate effects on, 278t
White-tailed deer, chemical immobilization of, 823. See

also Deer
Whole blood

administration rate, 191–192
adverse reactions to transfusion, 192
blood groups, 191, 191t
RBC survival times, 191t
rewarming, 191
storage, 190–191
transfusion, 972–973, 980
volume administered, 191

WHO (World Health Organization), analgesic ladder of
cancer pain, 999, 1000f

Wide-dynamic-range (WDR) neurons, 36–38
Wildebeest, drug usage in

acepromazine, 792t
azaperone, 797t
carfentanil, 797t
cyprenorphine, 797t
diprenorphine, 792t
etorphine, 792t
naloxone, 797t
xylazine, 792t, 797t

Wildlife, chemical immobilization of, 807–828
African and Asian species

buffalo, African, 827
cheetah, 826–827
dog, African wild, 828
elephant, African, 827
giraffe, 827
hyena, 828
leopard, 826
lion, 826
rhinoceros, black, 828
rhinoceros, white, 827–828
tiger, 826
zebra, 827

American and Northern European species, 823–826
American bison, 824
Baird’s tapir, 824
black bear, 825
boar, wild, 825
brown bear, 825
caribou, 824
elk, 823–824
fallow deer, 824
gray wolf, 825
jaguar, 825
lynx, 825
moose, 824
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Wildlife, chemical immobilization of (continued)
mountain lion, 825
polar bear, 825
pronghorn antelope, 824
white-tailed deer, 823
wolverine, 825

capture event
complications, 820–823

bloat, 821
exertional myopathy, 821–822, 822f
hyperthermia, 820–821, 821f
hypothermia, 821, 821f
mortality, 822–823
physical trauma, 820
respiratory depression and hypoxemia, 822

human safety, 820
induction, 818, 818f
monitoring and supportive care, 818–819, 818f
precapture planning, 817–818
recovery, 820, 820f

drug usage
ketamine and ketamine combinations, 317t–327t
Telazol and Telazol combinations, 330t–341t

field anesthesia, 807–810
capture technique, 809, 809f
equipment, 808, 809f
general considerations, 807–808
hazards, 809–810, 810f
target and nontarget species, 809
terrain, 808, 808f
weather, 808

pharmacology
�2–agonists, 815–816
�2–antagonists, 816–817
cyclohexamines, 815
drug combinations, 817
ideal drug combination, 813
neuroleptic drugs, 817
opioids, 814
opioids antagonists, 814
paralytic agents, 813–814

remote drug-delivery equipment, 810–813
blowgun, 811–812, 811f
darts, 812–813, 812f
overview, 810–811
pole syringe, 811, 811f
power projectile systems, 812

Wildnil. See Carfentanil
Windkessel effect, 62–63, 89
Windup, nervous system, 160, 302
Wisent, drug usage in

ketamine, 788t
medetomidine, 788t

Wobbler syndrome, 906–907
Wolverines, drug usage in

ketamine, 787t
medetomidine, 787t

Wolves, drug usage in
ketamine, 319t, 787t
medetomidine, 787t
Telazol, 333t

Wombat, Telazol use in, 341t
Woodcocks, Telazol use in, 345t
Wood partridge, Telazol use in, 344t
Woody chest syndrome, 759
World Health Organization (WHO), analgesic ladder of

cancer pain, 999, 1000f
Wound infusion catheters, 1014

Xenon anesthesia, in swine, 759
Xylazine

analgesic action, 48
antinociceptive effects, 223f
cesarean section, use in, 962, 963t
clinical uses, 216–217, 216t
combined use with

guaifenesin, 433
ketamine, 304, 304t, 306, 307t, 308–310, 309t,

310t, 312t, 313t, 315t, 316t, 710t, 817
Telazol, 305t, 307t, 311t, 314t, 316t, 710t

emesis from, 927
epidural use, 585
intraocular pressure, effect on, 949
milk, levels in, 965
ocular effects, 949
orthopedic patients, use in, 1011
overview, 212
pharmacodynamics, 212–216, 213f, 214f
pharmacokinetics, 212
premedication use, 712t, 1011
renal system effects, 916
respiratory system effects, 134, 135f, 136f
reversal, 816
side effects

cardiac arrhythmias, 112t
emesis, 306

structure, 212f
use in

alpacas, 733
antelope, 792t, 797t
armadillos, 786
azaperone, 791
badgers, 789
bats, 785
bears, 800, 825
bighorn sheep, 793
birds, 854–855
bison, 824
blesbok, 797t
bongo, 792t
buffalo, 792t, 793, 797t, 827
camels, 794–795
caribou, 794
cats, 212, 214–216, 709t, 712t, 904, 927, 1015t
cattle, 212, 214–217, 655, 660, 927
cesarean section patients, 959
cheetahs, 827
chinchillas, 786
deer, 793, 794, 823
dogs, 212–216, 585, 709t, 712t, 828, 904, 927,

928, 1015t
duiker, 792t
eland, 792t, 797t
elephants, 798
elk, 794, 823–824
ferrets, 788
gazelles, 791, 792t
gemsbok, 797t
gerbils, 775t
giraffes, 795, 797t
goats, 668, 732
guinea pigs, 775t
hamsters, 775t
hartebeest, 792t, 797t
hedgehogs, 801
hippopotamus, 798
horses, 29, 212–217, 213f, 214f, 623, 720t,

721–722, 721–726, 723t, 904, 906–908, 919,
927, 929, 1021, 1024

hyenas, 828
impala, 792t, 797t
kudu, 797t
llamas, 660, 732–733
marsupials, 800–801, 801t
mice, 775t
moose, 824
mountain lion, 825
neurological disease, 904
nutria, 786
oryx, 792t
polar bears, 800, 825, 838
prairie dogs, 786
primates, nonhuman, 777t
pronghorn antelope, 824
rabbits, 775t
ratites, 860, 861t–862t
rats, 775t
red deer, 824
rhinoceros, 828
seals, 837

sea otters, 839
sheep, 667–668, 732
skunks, 788
springbok, 797t
swine, 665–666, 751–753, 755–756, 757t, 759
tapirs, 824
tsessebe, 797t
warthog, 797t
waterbuck, 792t, 797t
wildebeest, 792t, 797t
wild horses, 795
zebras, 797t, 827

wildlife immobilization/capture, use in, 816
yohimbine antagonism of, 225, 226

Yak, drug usage in
ketamine, 788t
medetomidine, 788t

Yawning, in dogs, 16
Yellow-bellied sapsucker, Telazol use in, 344t
Yohimbine

for antagonism of pentobarbital, 283
chemical structure, 226f
clinical uses, 226
overview, 225–226
pharmacokinetics and pharmacodynamics, 226
use in

bears, 825
birds, 855
buffalo, 827
cats, 711t
cattle, 733
deer, 823
dogs, 711t, 828
elk, 824
giraffes, 795
horses, 623, 629
hyenas, 828
llamas, 733
moose, 824
polar bears, 838
rhinoceros, 828
seals, 837
sheep, 733
swine, 752–753, 755
tapirs, 824
wildlife, 816

Yoke, anesthesia machines, 454–455, 456f–458f
Y piece, 476

Zalopine, 810
Zebras

chemical immobilization, 827
drug usage

acepromazine, 827
azaperone, 797t, 827
carfentanil, 795, 797t
cyprenorphine, 797t
detomidine, 827
etorphine, 799t, 827
ketamine, 827
medetomidine, 827
naloxone, 797t
xylazine, 797t, 827

hyperthermia, 827
weight, 827

Zebus, drug usage in
ketamine, 317t
Telazol, 332t

ZEEP (zero end-expiratory pressure), 517
Zolazepam

hepatic disease, use in patients with, 923
use in

cats, 923
horses, 633, 724
swine, 752, 754–755

Zuclopenthixol acetate, 794, 817
Zygomatic nerve block, in horses, 606, 607f
Zygomaticotemporal nerve block, 647f, 650, 650f
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